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Introduction 
Chapter 1 
Introduction 
Proteins and protein complexes involved in the biochemical reactions of 
anaerobic ammonium-oxidizing bacteria 
Naomi M. de Almeida, Wouter J. Maalcke, Jan T. Keltjens, Mike S. M. Jetten, 
Boran Kartal 
Biochemical Society Transactions (2011) 39: 303-308 
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The nitrogen cycle 
Nitrogen is an element essential for all life on our planet. The two largest reservoirs of nitrogen on Earth are the lithosphère and the atmosphere. 
The latter contains approximately 4-io9 teragram (million tonnes) of dinitrogen 
(N2)-gas, which accounts for 78% of the total atmospheric mass (Trenberth and 
Smith 2005). Nevertheless, these resources are only available to specialized 
microorganisms. These nitrogen-fixing microorganisms, or diazotrophs, fix 
an estimated 260 teragram of N2 anually (Galloway et al. 2004). Fixing N2 is a 
biochemical challenge because the triple bond between two nitrogen atoms in 
dinitrogen gas very stable. Breaking of this bond during the reduction of N2 to 
ammonium (NH/) requires at least 16 mol ATP per mol fixed N2 (Winter and 
Burris 1968). In many ecosystems nitrogen is the growth-limiting element, fixed 
η itrogen can be assimilated and used for biological processes, such as the synthesis 
of nucleotides and amino acids. In addition to a nitrogen source, ammonium can 
also be used as an energy source. The group of aerobic ammonium-oxidizing 
bacteria and archaea use ammonium as electron donor for their respiratory system, 
and produce nitrite. Nitrite can in turn serve as an electron donor for aerobic 
nitrite oxidizing bacteria, which produce nitrate. These two processes together 
are called nitrification (Hooper 2004, Schleper and Nicol 2010). In anaerobic 
environments, a wide range of bacteria, archaea and some eukaryotes reduce 
nitrate and nitrite, via nitric oxide (NO) and nitrous oxide (N2O), to N2, thus 
returning fixed nitrogen back into the atmosphere and completing the nitrogen 
cycle (Zumft 1997). This process, called denitrification, was long thought to be the 
only process by which fixed nitrogen is released. However, this notion changed 
by the discovery of anaerobic ammonium oxidation (Mulder 1995). This process 
forms a short-cut in the nitrogen cycle; ammonium and nitrite are combined to 
produce N2. In addition, anaerobic methane-oxidizing bacteria reduce nitrite to 
N2 via NO as only intermediate (Ettwig et al. 2010). Lastly, nitrate and nitrite can 
also be reduced to ammonium under anaerobic conditions in a process called 
dissimilatory nitrate/nitrite reduction to ammonium (Tiedje 1987). All these 
processes together make up the biological nitrogen cycle (Figure 1.1). 
Aerobic ammonium oxidation 
Ammonium oxidation was long assumed to be a strictly aerobic process. In the 
process of aerobic ammonium oxidation, oxygen acts as the terminal electron 
acceptor: Electrons are withdrawn from ammonium and ultimately transferred 
to oxygen. As a result, ammonium and oxygen are consumed and nitrite and 
water are produced. This process is carried out by the aerobic ammonium 
oxidizers, most notably bacteria from the β- and γ-subdivisions of the phylum 
Proteobacteria, and archaea from the phylum Thaumarchaeota. Aerobic 
ammonium oxidation proceeds through two consecutive intermediate reactions. 
First, ammonium is converted to hydroxylamine (NH2OH) with O2 as a substrate. 
Herein, one oxygen atom is added to ammonium, while the second oxygen is 
reduced to water. This reaction is catalyzed by a membrane-bound enzyme 
called ammonia monooxygenase (AMO) [equation(i.i)].The two electrons for 
oxygen reduction are obtained from the next step, hydroxylamine oxidation, in 
which the intramembrane electron carrier ubiquinone presumably acts as the 
intermediate electron carrier. Mechanistic studies of this reaction have been 
restricted to whole cells, since the enzyme loses its activity upon purification. 
Based on sequence comparison, AMO was suggested to be evolutionary related 
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to the membrane bound particulate methane monooxygenase from methane 
oxidizing bacteria (Hooper et al. 2004 and references therein). 
Eq.1.1 NH3+ 0 2 + 2 H 1 + 2e ->NH2OH + H 2 0 
Eq.1.2 NH2OH + H 2 0 -> N 0 2 + 5 H+ + 4 e 
The second step of aerobic ammonium oxidation is the four-electron oxidation 
of hydroxylamine to nitrite [equation(i.2)]. Ihis reaction is catalyzed by 
hydroxylamine oxidoreductase (H AO), which is a soluble trimer of three identical 
octaheme subunits. One of the eight hemes per subunit was found to be available 
for interaction with substrates. 'Ihis heme has been proposed to be the catalytic 
heme (Igarashi et al. 1997) and is covalently bound to a tyrosine residue from an 
adjacent subunit, thus linking the three subunits together. The other, non-catalytic 
heme-groups are positioned in such a way that they facilitate a electron transfer 
pathway towards the exterior of the enzyme, but also theoretically could enable 
electron transfer between subunits (Kurnikov et al. 2005, Kostera et al. 2010). 
The physiological electron acceptor is a tetraheme cytochrome (cytochrome C554), 
which has been proposed to relay the electrons to the ubiquinone-pool, via the 
membrane bound tetraheme cytochrome c 552· Ubiquinol is used in ammonium 
mono-oxygenation by the foci-complex to generate a proton-gradient across the 
membrane, resulting in ATP-synthesis. 
A rather different biochemistry of ammonium oxidation is probably to be found 
in archaea, as an HAO-like gene is absent from the genome and ammonium 
appears to be oxidized by a set of copper-dependent enzymes (Walker et al. 
2010). Yet another, fundamentally different biochemical pathway of ammonium 
oxidation is found in the anaerobic, ^-producing ammonium oxidizing bacteria. 
Anaerobic ammonium oxidation 
Anaerobic ammonium oxidation (anammox) is the direct coupling of ammonium 
and nitrite under anoxic conditions to form dinitrogen gas [equation (1.3)]. 
Eq.1.3 NH«++ N 0 2 ^ N 2 + 2 H 2 0 (AG0' = -357k^mol) 
The anammox reaction is associated with a considerable release of Gibbs free energy 
and is mediated by a group of microorganisms in the order ßroced/ales, which is 
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associated with the phylum Planctomycetes (Broda 1977, Jetten et al. 2010, Strous 
et al. 1999b). In the first decade after the serendipitous discovery of anammox 
bacteria in a wastewater treatment plant (Mulder et al. 1995), two major lines 
of research have been the possible application of this process for sustainable 
nitrogen removal and a quest for understanding the role of these microorganisms 
in natural sub-oxic and anoxic ecosystems (Abma et al. 2007, Jetten et al. 1997, 
Kartal et al. 2004, Kuypers et al. 2006, Kuypers et al. 2005, Penton et al. 2006, 
Schmid et al. 2007). 
These studies have been very fruitful. Now, the anammox process has successfully 
been implemented as an environment-friendly and cost-effective alternative to 
conventional nitrification-denitrification wastewater treatment plants in several 
countries (Abma et al. 2010, Kartal et al. 2010). Moreover, the anammox bacteria 
have been detected in many oxygen-limited natural ecosystems ranging from 
Arctic ice to tropical lakes and fjord- to mangrove sediments (Engström et al. 
2005, Meyer et al. 2005, Rysgaard and Glud 2004, Schubert et al. 2006). The 
anammox process is now being more and more recognized as a major sink for 
fixed nitrogen in the ocean and according to the most conservative estimations 
it is responsible for 50% percent of the dinitrogen gas produced in the marine 
ecosystems (Arrigo 2005, Brandes et al. 2007, Francis et al. 2007). 
Nevertheless, mostly due to the long doubling time of these microorganisms, 
studies on the biochemistry of the anammox bacteria have been cumbersome 
and challenging at best (Cirpus et al. 2006). The question that remains is: how 
could a microorganism that doubles every 2 weeks (Strous et al. 1999a), has a 
intracellular organelle (anammoxosome) of which the membrane is composed of 
highly impermeable ladderane lipids (Sinninghe Damsté et al. 2002), is predicted 
to have toxic intermediates such as hydrazine, hydroxylamine or nitric oxide 
and has a very redundant genomic organization (Strous et al. 2006) be such a 
successful competitor in both natural and manmade ecosystems in past and 
present geological times? 
The metabolic versatility of the anammox bacteria seems to be one of the key 
elements of the perceived competitive advantage for these bacteria. It has recently 
been shown that the anammox bacteria are able to perform a number of redox 
reactions in addition to the oxidation of ammonium coupled to the reduction 
of nitrite. They are able to use Fe3\ Mn"* and nitrate as electron acceptors and 
Fe2+, formate, acetate, propionate and methylamines as electron donors (Strous 
et al. 2006, Kartal et al. 2007a, Kartal et al. 2007b, Kartal et al. 2008). The use 
of organic electron donors with nitrate as the electron acceptor by anammox 
bacteria is particularly interesting because the reduction of nitrate to nitrite and 
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subsequently to ammonium provides the substrates for dinitrogen gas formation 
via the anammox reaction (Kartal et al. 2007a). 
Insights from the genome analysis (Strous et al. 2006), physiological experiments 
(Kartal et al. 2007a, Strous et al. 1999a, van de Graaf et al. 1997, van der Star et al. 
2008) and the localization of cytochrome c-type proteins at the anammoxosome 
membrane (van Niftrik et al. 2008b) have led to a hypothetical metabolic scheme 
(Figure 1.2). In this scheme, the energy conservation of the anammox bacteria is 
centred on the reductive power of hydrazine. The low-redox potential electrons 
released through the oxidation of hydrazine to N2 [by putative HZOs (hydrazine 
dehydrogenase/oxidases)] seem to serve three goals: continuous hydrazine 
synthesis by the condensation of ammonium and NO (nitric oxide) derived from 
nitrite reduction, the build up of a pmf (proton motive force) by a cytochrome 
bei complex, and providing the reducing power for (autotrophic) carbon fixation. 
The electrons consumed in the latter process, however, need to be replenished 
by the oxidation of nitrite to nitrate. In consequence, the growth of anammox 
bacteria is always associated with nitrate formation (van de Graaf et al. 1996). 
Here, the unique route that anammox bacteria take from ammonium and nitrite 
to dinitrogen gas is discussed, including the multifaceted membrane proteins 
predicted to be involved in electron transport and energy conservation. 
Elucidation of the Kuenenia stuttgartiensis Genome 
The first genome of an anammox bacterium was reconstructed from the 
metagenome of a laboratory scale enrichment culture (-70%) of Kuenenia 
stuttgartiensis in 2006 (Strous et al. 2006). The remaining 26% of the community 
was identified as belonging to 28 different operational taxonomie units, 
comprising 6 bacterial phyla and two lineages of uncultured bacteria. The 
assembled genome consisted of 5 super-contigs, each showing an average 22-fold 
read coverage. In total it was estimated that 98.5% of the genome was represented 
in this assemblage. 
The number of genes [3479 genes encoded in 4663 ORFs (open reading frames)] 
and the presence of more than 200 ORFs, including 61 c-type cytochromes, 
annotated as candidate genes involved in catabolism and respiration was striking, 
considering that anammox bacteria were assumed to be lithotrophic specialists 
when they were first discovered in 1995 (van de Graaf ei al. 1995). The redundancy 
in respiratory and catabolic pathways, however, reflects the currently known 
metabolic versatility (Giiven et al. 2005, Kartal et al. 2007a, Kartal et al. 2008, 
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Strous et al. 2006), which is only partly understood. Furthermore, insights from 
the genome analysis (Strous et al. 2006) together with physiological experiments 
(Kartal et al. 2007a, Strous et al. 1999a, van de Graaf ef al. 1997, van der Star et al. 
2008) allowed the proposal of the mechanism by which ammonium is oxidized 
under anaerobic condition coupled to the reduction of nitrite. 
The Anammox Process 
Initially, it was conceived that the anammox process involved the turnover of 
hydroxylamine and hydrazine as intermediates (van de Graaf et al. 1997, van 
der Star et al. 2008). However, the apparent lack of a nitrite::hydroxylamine 
oxidoreductase and the identification of a cdi nitrite::nitric oxide oxidoreductase, 
NirS in the genome of K. stuttgartiensis suggested an equally plausible alternative 
three-step cyclic pathway (Figure 1.2): (i) the one-electron reduction of nitrite 
to NO by NirS, (ii) the condensation of one molecule NO with one molecule of 
ammonium with the concomitant input of three electrons regenerating hydrazine, 
and (iii) the oxidation of hydrazine, catalyzed by HZO, yielding four electrons 
and dinitrogen gas as the end product. Although several gene clusters encoding 
putative enzymes catalyzing these reactions were proposed, experimental 
determination of the intermediates and the experimental establishment of these 
proteins have not been conducted yet. 
ηβυκΈ 1.2 
Central catabolism of anammox bacteria 
including nitrite oxidation to generate 
low-redox-potential electrons for carbon 
fòcation. Circles denote cytochrome c 
proteins; diamond denotes ferredoxin; 
nir, tut nitrite reductase; hzs, hydrazine 
synthase; hdh, hydrazine dehydrogenase; 
nar, nitrate reductase; nrf, nitrite 
reductase; QtHi), (reduced) ubiquinone; 
fdh, formate dehydrogenase; nuo, 
NADH-.ubiqumone oxidoreductase; bet, 
bei complex (complex III); RET, reversed 
electron transport. Dashed lines indicate 
RET-pathway. 
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In the current hypothesis, nitrite is proposed to be reduced to NO by the NirS 
homolog kuste4i36, which forms part of a gene cluster (kuste4i36-4i4o) coding 
for a putative cytochrome c-containing redox partner (kuste4i37), and the three 
key enzymes for heme d synthesis (kuste4i38-4i4o). 
The crucial and unique reaction in the anaerobic ammonium oxidation is the 
forging of an N-N bond from NO and ammonium to make hydrazine (Figure 
1.2). Obviously, considering the biochemical novelty, genome comparisons would 
not lead to an easy identification of candidate genes coding for an enzyme(s) 
mediating this reaction. Nevertheless, the detailed analysis of the K. stuttgartiensis 
genome allowed the identification of two highly unique gene clusters that might 
encode the putative HZS (hydrazine synthase) protein (complex) as well as 
accessory proteins: kuste2854-286i and ^5162469-2483 (Strous el al. 2006). The 
Operon' kuste2854-286i encodes two proteins featuring a ß-propeller structure 
(kuste2859) and two heme containing proteins (kuste286o and kuste2o6i). 
The diheme protein kuste286o shares remarkable sequence homology with 
cytochrome c peroxidase. The gene cluster ^5162469-2483 encodes a new 
multicopper oxidase and a flavin containing amine oxidase. Again, it remains to 
be established which one of the two opérons encodes the HZS. 
The four-electron oxidation of hydrazine to dinitrogen gas is known to be 
catalyzed artificially by the hydroxylamine oxidoreductase (HAO) class of 
proteins (Anderson 1964, Hooper et al. 1997). These proteins are characterized 
by the presence of eight relatively regularly interspaced heme groups represented 
by the CXXCH motif in the amino acid sequence (Klotz et al. 2008). Remarkably, 
ten HAO paralogues were identified in the K. stuttgartiensis genome. Several 
of these clustered with genes coding for cytochrome c proteins that might be 
involved in electron transfer (Figure 1.3). Based on sequence comparisons and 
phylogenetic analysis, HAOs can be classified into six groups (Klotz et al. 2008). 
This classification represents the differences in the (lengths) of heme-surrounding 
α-helices sequences, and as a result, differences in the distances between and 
positioning of the heme moieties with respect to one and another, differences 
in the heme axial ligands and the presence or absence of specific tyrosine 
residues involved in the covalent linkage of subunits. Each of these aspects is 
assumed to lead to distinct biochemical properties of the catalytic heme and the 
redox properties of the surrounding hemes. The ten HAO paralogues from K. 
stuttgartiensis belong to four different (sub) groups. The questions that remain to 
be answered are: (i) which of these is the physiological HZO and (ii) what would 
be the role of the other ones. 
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FIGURE 1.3 
The ten HAO-tike octaheme 
proteins in the K. stuttgartiensis 
genome. Gene products are 
ordered according to their cluster 
position in the phylogenetic tree 
(Klotz et al 2008); αα denotes 
the number of amino acids of 
the gene products. Homologous 
sequences are vertically 
aligned. Structural features: TM: 
transmembrane region; cleavage: 
N-terminal cleavage site; 
CXXCH: cytochrome c binding 
motif. Redox partners represent 
(potential) electron transfer 
subunits found in the same gene 
cluster. 
In 2007, Shimamura et al. purified an HAO-like protein, which was abundantly 
present in the anammox strain KSU-i (Shimamura et al. 2007). 'Ibis enzyme 
catalyzed the oxidation of hydrazine using cytochrome c as an electron acceptor 
with high affinity and high specific activity. Interestingly, hydroxylamine, one of 
the proposed anammox intermediates and the common substrate of HAO-like 
proteins, was a potent inhibitor of the reaction. These properties would suggest 
the enzyme to be the genuine HZO. Unfortunately, it was not investigated whether 
dinitrogen gas was the end-product of hydrazine oxidation. The hydrazine 
dehydrogenase from KSU-i shows high sequence similarity to both kustco694 
and kustdi340 in the K. stuttgartiensis genome. All three have an atypical 
cytochrome c binding motif (CXXXXCH) at the third heme position (Figure 1.3). 
It is still to be investigated how this motif change might affect the functionality 
of the particular heme. Kustco694 and kustdi34o share nearly 100% sequence 
identity over the C-terminus, but where kustco694 exhibits a transmembrane 
spanning region, kustdi340 contains an N-terminal cleavage site (Figure 1.3), 
suggesting that both enzymes might fulfil the same function, but in different 
compartments of the cell. Immunogold localisation of these proteins (complexes) 
by electron microscopy might help to elucidate this matter (van Niftrik et al. 
2008a, van Niftrik et al. 2008b, van Niftrik et al. 2010). 
duster gene number structure redox partner 
air 
L UE 
imm 
ΠΤίΙΙ 
1 1 
1 
ΓΊΙΜΓΓ" 
A 
L . 
1 
_u 
diheme cyt c 
(kustc0457) 
be, complex 
(kuste4569-73) 
diheme cyt c 
(kuste2478) 
(ku5ta0044) 
;kustd2018) 
i l M f cleavage K^  multi-copper oxidase I CXXCH I CXXXXCH j laminiti 
15 
Multiheme protein complexes of anaewhic ammonium-oxidizing bacteria 
Shimamura et al. also described the purification of a second HAO-like protein 
from KSU-i (Shimamura et al. 2008), which could be similar to the one isolated 
before from the Brocadia anammoxidans enrichment culture (Schalk et al. 2000). 
These proteins show a high catalytic activity towards cytochrome c-dependent 
hydroxylamine oxidation, the affinity and oxidation rate with hydrazine being 
significantly less. Still, the end-product of this reaction and if hydroxylamine is 
the physiological substrate remains to be determined. It is interesting to note that 
the particular HAO from strain KSU-i shows an 87% sequence similarity to the 
protein encoded by kustcioói in the genome of K. stuttgartiensis. 
Altogether, much remains to be learned about the roles of the different HAOs 
encoded by K. stuttgartiensis and how they are tuned to a specific function. It 
is conceivable that some of these are involved in detoxification of potentially 
hazardous nitrogen compounds (NO, hydroxylamine, hydrazine). Their 
apparent redundancy also might hint at an intermediary nitrogen metabolism 
which is much more complicated than presently thought. In this respect it might 
be interesting to refer to the denitrifying property of anammox bacteria. The 
process includes the six-electron reduction of nitrite to ammonium (Figure 1.2), a 
reaction which is commonly performed by a NrfA-type dissimilatory pentaheme 
protein (Cole 1996, Simon 2002). Such a protein seems to be absent from the 
K. stuttgartiensis genome (Kartal et al. 2007a); however, the same reaction could 
also be mediated by one of the octaheme HAOs, kuste2457 being a plausible 
candidate (Klotz et al. 2008). 
Electron Transport and ATP Synthesis 
As mentioned above, more than 200 genes involved in catabolism and respiration 
were identified (Strous et al. 2006) and so far this redundancy has only been 
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FIGURE 1.4 
Gene-cluster organization of the nitrite/nitrate oxidoreductase system in K. stuttgartiensis. ΓΜ: 
transmembrane region; MPT: molybdopterin; NarG/H: Nitrate reductase subunit G/H; UspA: 
Universal stress protein; CydA: Cytochrome bd quinol oxidase. 
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observed in versatile microorganisms such as Geobacter sulfurreducens (Methé 
et al. 2003) and Shewanella oneidensis (Heidelberg et al. 2002). The abundance 
of cytochrome proteins suggests a complicated network of branched respiratory 
chains, allowing anammox bacteria to use a broad spectrum of external electron 
donors and terminal electron acceptors. Analogous to known biological systems, 
respiratory electron transfer will be associated with the build up of a pmf for ATP 
synthesis by a membrane-bound ATP synthase (Figure 1.2). It is proposed that 
pmf in anammox bacteria is built across the anammoxosome membrane (van 
Niftrik et al. 2004). 
This hypothesis states that in the central catabolism, four electrons derived from 
hydrazine oxidation enter a cyclic flow via a reduced quinone pool and a membrane-
bound bei complex (Figure 1.2). In fact, in the genome of K. stuttgartiensis, three 
gene clusters could be annotated as putative quinolxytochrome c oxidoreductases 
(kustdi48o-i485, kustd4569-4574 and kuste3096-3097). The 'canonical' bd 
complex is composed of three proteins, the Rieske 2Fe-2S iron sulphur protein, 
quinol-binding cytochrome b and cytochrome c. These are found in all three 
gene clusters, albeit with interesting differences: In both kustdi48o-i485 and 
kuste4569-4574, the cytochrome b is split into two genes (kustdi48i and 1484, 
kuste457i and 4572, respectively). In contrast, in kuste3096-3097, the heme b and 
heme c subunits are fused (kuste3097). Kustdi48o-i485 and kustd4569-4574 both 
contain multiheme cytochrome c subunits rather than a monoheme indicating 
electron-wiring circuits that are much more complicated than in conventional 
feci complexes. Remarkably, one of the HAO-like proteins (kuste4574) is an 
additional component of the latter quinolxytochrome c oxidoreductase. Finally, 
both kustdi48o-i485 and kuste4569-4574 complexes contain a subunit with a 
high sequence similarity to the NAD(P)- and FMN-binding subunits of NAD(P) 
oxidoreductases. 
In agreement with known systems, electron transport through the bei complexes 
would allow proton translocation, thus creating the pmf to drive ATP synthesis. 
Analysis of the genome revealed 4 distinct opérons encoding putative ATPases, 
three belonging to the FiFo-type, one to the V-type (Strous et al. 2006). Recently, 
one of the ATPases was detected both at the cytoplasmic and anammoxosome 
membranes by immunogold localization (van Niftrik et al. 2010). 
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Nitrite Oxidation and Nitrate Reduction 
In addition to delivering the electrons for the catabolic reduction steps (NO and 
hydrazine synthesis) hydrazine oxidation simultaneously provides the reducing 
power for carbon fixation. Through this process, electrons are drained from the 
pool and have to be replenished, notably by the oxidation of nitrite to nitrate 
(Figure 1.2). 'Ihis reaction is commonly carried out by the quinol-dependent Nar 
(nitrate reductase). 'Ihe high redox potential electrons from nitrite oxidation have 
to be pumped uphill to the level of the bei complex, which represents a difficult 
case of reversed electron transport. In the genome of K. stuttgartiensis, the genes 
coding for the catalytic Nar subunits (NarG, kustdiyoo and NarH, kustdi703) 
are members of a large gene cluster (kustdi699-i7i3). These gene products could 
potentially constitute a membrane-bound protein complex of a hitherto unknown 
intricacy (Figure 1.4). The canonical quinol-binding site of the conventional Nar 
complex, Nari, is absent from the K. stuttgartiensis. Instead, six genes encoding 
heme c proteins are present, next to three gene products that may bind a heme 
b, and two genes putatively coding for (cupredoxin-like) blue copper electron 
transfer proteins (Figure 1.4). Together with the iron-sulphur clusters of NarH 
and the molybdopterin catalytic site in NarG, the whole Operon' covers almost 
the full natural repertoire of electron carriers, in concert with the electron flow 
and bifurcation associated with reversed electron transport. 
Outline of the thesis 
In this thesis, the biochemical pathway for anammox was investigated. Several 
multiheme protein complexes were purified and characterized to determine 
their role in this pathway. The organism used throughout all experiments was 
Kuenenia stuttgartiensis of which the genome is available (Strous et al. 2006). 
This enabled us to use mass spectrometry for the identification of the purified 
protein complexes. 
The intermediates nitric oxide and hydrazine, as well as the hydrazine-forming 
enzyme complex, were identified in Chapter 2. The turnover of nitric oxide 
and hydrazine was demonstrated by using a complemtary array of methods. 
Hydrazine synthase, encoded by the genes kuste2859, kuste286o and kuste286i, 
was purified and activity was shown in concert with the hydrazine oxidizing 
enzyme kustcioói. The mixture of these two enzymes catalyzed the combination 
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of nitric oxide and ammonium into dinitrogen gas: Kuste2859-6i produced 
hydrazine and kustcioói converted it into dinitrogen gas. 
Kustcioói is the focus of Chapter 3. Besides its capability to oxidize hydrazine 
to dinitrogen gas, it oxidizes hydroxylamine to nitric oxide at a much higher 
rate and has a higher affinity towards hydroxylamine than to hydrazine. The 
amino acid sequence was 25% similar to hydroxylamine oxidoreductase from 
Nitrosomonas europaea (NeHAO). This enzyme oxidizes hydroxylamine to 
nitrite in aerobic ammonium oxidizers and has been studied since the early 
óo's (Hooper and Nason 1965, Hooper et al. 1997). By combining data from 
NßHAO, the kustcioói crystal structure, UV-VIS spectroscopy and protein film 
electrochemistry, a catalytic mechanism for both hydroxylamine and hydrazine 
conversion was proposed. The most likely physiological role of kustcioói seemed 
to be hydroxylamine oxidation. Since the proposed hydrazine dehydrogenase 
is inhibited by hydroxylamine (Kartal et al. 2011, Shimamura et al. 2007), a 
hydroxylamine detoxification pathway was suggested. Hydroxylamine is 
oxidized to nitric oxide by kustcioói, after which hydrazine synthase uses nitric 
oxide for hydrazine production. 
The above mentioned hydrazine dehydrogenase is encoded by kustco694 in 
K. stuttgartiensis, and is an octaheme enzyme as well. Chapter 4 describes 
its purification and characterization, and shows that it oxidizes hydrazine to 
dinitrogen gas and is inhibited by hydroxylamine and nitric oxide. Based on UV-
VIS spectroscopy and the amino acid sequence it was assumed that the active 
site architecture is similar to that of NeHAO and kustcìoói. A mechanism for 
hydrazine oxidation similar to that of kustcioói was proposed. However, the 
reason why hydroxylamine and nitric oxide are inhibiting remains elusive. 
A third octaheme enzyme, kustco458, is discussed in Chapter 5. It shares 21% 
sequence identity with kustcioói and kustco694, 23% with NeHAO and forms 
an cifißfi-complex with the diheme protein kustco457. The C-terminal tyrosine, 
responsible for covalently linking the subunits of kustcioói, kustco694 and 
NeHAO, was absent. This absence was confirmed by the 2.6 Â crystal structure 
and UV-VIS spectroscopy. Activity assays showed very low oxidation rates, which 
is in line with the hypothesis that a covalent interaction between the porphyrin 
ring of the catalytic heme and an amino acid residue is necessary for oxidizing 
activity within this family of octaheme enzymes (Bergmann et al. 2005, Klotz et 
al. 2008). Nitrite reduction was observed with methyl viologen as electron donor, 
albeit at a low rate. Experiments were suggested to further investigate the role of 
kustco457-8. 
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Abstract 
In this chapter it is shown that N2H4 is produced from the anammox substrates ammonium ( N H / ) and nitrite (NO2) in situ and that nitric oxide (NO) is 
the direct precursor of N2H4. Evidence for NO as an intermediate came from 
incubation of whole cells with the NO scavenger PTIO. Upon PTIO addition, 
ammonium and nitrite conversion ceased. In addition, the presence of NO within 
the cells was visualized with diaminofluorescein-2-diacetate. 'Ihe involvement 
of N2H4 was established by incubating the cells with Ι 5Νθ2 , ' ' 'NH/ and 
H 2"
,N-HNH2. This was followed by derivatization of the extracellular hydrazine 
withpara-dimethylaminobenzaldehydeand mass spectroscopy, which confirmed 
the production of H2 ,5N-HNH2. 
In addition to the direct measurement of the intermediates, genes and proteins 
central to anammox metabolism were resolved and the key enzymes that catalyze 
N2H4 synthesis and its oxidation to N2 were purified. 'Ihe N2H4 producing enzyme 
was a complex of three different subunits encoded by the consecutive open reading 
frames (ORFs) kuste2859, kuste286o and kuste286i. Combined with the N2H4 
oxidizing enzyme kustcioói, "N^'^N was produced from HNO and ,5NH4+, at a 
rate of 20 nmol-h '-mg protein '. These results present a new biochemical reaction 
forging an N-N bond and fill a lacuna in our understanding of the biochemical 
synthesis of the N2 in the atmosphere. 
Two distinct microbial processes, denitrification and anaerobic ammonium 
oxidation (anammox), are responsible for the release of fixed nitrogen as 
dinitrogen gas (N2) to the atmosphere (Arrigo 2005, Brandes et al. 2007, Payne 
1973, Strous et al. 1999). Denitrification has been studied for over 100 years and its 
intermediates and enzymes are well known (Zumft 1997). Even though anammox 
is a key biogeochemical process of equal importance, its molecular mechanism is 
unknown, but it was proposed to proceed through hydrazine (N2H4) (Strous et al. 
2006, van de Graaf ei al. 1997). Ammonium is difficult to activate in the absence 
of molecular oxygen. 'Iherefore, how anammox bacteria are able to oxidize 
ammonium coupled to the reduction of nitrite and forge an N-N bond to make 
N2 has been an intriguing question for a long time. Based on the in silico analysis 
of the genome assembly of the anammox bacterium Kuenenia stuttgartiensis, 
a set of three redox reactions [equations (2.i)-(2.3)] involving N2H4 and nitric 
oxide (NO) was proposed (Strous et al. 2006) to explain the overall anammox 
stoichiometry [equation (2.4)]: 
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FIGURE 2.1 
Biochemical pathway and enzymatic machinery of K. stuttgartiensis. The anammoxosome, an 
intracytoplasmic compartment bounded by a membrane (grey line), is the locus of anammox 
catabolism. Identifiers of open reading frames and the degree to which the encoded respiratory 
protein complexes were detected In the proteome are indicated. Hydrazine synthase, depicted in the 
centre of the figure. Is also loosely membrane associated. Cofactors and motifs were determined 
previously (Straus et al. 2006/ 
Eq.2.1 N02- + 2H+ + e- -> NO + H 2 0 (Eo'^+o.sSV) 
Eq.2.2 NO + NH 4
+ + 2H++ se- -> N Ä + H 2 0 (£„'=+0.06 V) 
Eq.2.3 N2H4 ^ N2 + 4 H + + 4e- (£0' =-0.75 V) 
Eq.2.4 NH4+ + N02- ^ N2 + 2 H 2 0 {AG6' = -357 kjrtnol) 
The role of N2H4 in anammox catabolism was originally proposed based on the 
observation that the compound transiently accumulated when anammox bacteria 
were incubated with millimolar quantities of hydroxylamine (Kartal et al. 2008, 
van de Graaf ei al. 1997). However, the turnover of neither N2H4, hydroxylamine 
nor NO was demonstrated to start from the actual substrates ammonium and 
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FIGURE 2.2 
Detemination of nitric oxide 
(NO) as an intermediate. 
ΝΟ2 and NH4' (2 mM each) 
conversion was inhibited by 
100 μΜ ΡΤΙΟ. A: PTIO added 
ot t = 0 (open triangle), 
PTIO added at 40 min (open 
square) and without PTIO 
(open circle), n = 2 (error 
bars, s.d.). 
B: Epifluorescence image 
of (diaminofluorescein-
2-diacetate) DAF2-DA 
derivative of NO formed 
during NHt' and NCV 
(2 mM each) conversion by 
anammox bacteria (scale 
bar, 10 pm). 
nitrite; thus it remained unclear whether the observed reaction was an integral 
part of the anammox pathway or a side reaction. 
In the present study, we resolved the anammox pathway and its enzymes by a 
combination of complementary approaches (Figure 2.1). K. stuttgartiensis was 
enriched and grown as suspended cells in a membrane bioreactor (Kartal et al. 
zon, van der Star et al. 2008). Fluorescence in situ hybridization (FISH) showed 
that K. stuttgartiensis made up more than 95% of the population. Transcription 
was shown for more than 97% of all genes after random hexamer-primed 
reverse transcription of extracted RNA, sequencing and mapping of 5.6 million 
32-nucleotide reads on an Illumina Genome Analyser (metatranscriptome 
accession number GSE15408). Expression of 1010 proteins was demonstrated 
by metaproteomics (Keller and Hettich 2009) (peptidome accession number 
PSE111). Further, inhibitor and isotope labelling studies were performed and the 
activity of enzyme complexes was demonstrated after their purification by liquid 
chromatography. 
Transcriptomics and proteomics indicated that K. stuttgartiensis expressed cdi 
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nitrite::nitric oxide reductase (NirS, kuste4i36, 9% of predicted peptides detected 
(p.p.d.) and 6.3-fold messenger RNA (mRNA) coverage) with the potential 
ability to reduce nitrite to NO. This possibility was investigated by incubating 
cell suspensions of K. stuttgartiensis with ammonium, nitrite (2 mM each) and 
100 μΜ NO scavenger PTIO (2-phenyl-4,4,5,5,-tetramethylimidazoline-i-oxyl-3-
oxide) (Akaike and Maeda 1996). When PTIO was introduced at the start of the 
incubation or when it was added to active cells, anammox activity was inhibited 
(Figure 2.2A). Further, the cells were incubated with ammonium and nitrite 
(2mM each) in the presence of DAF2-DA (10 μΜ) that reacts with NO to form 
a fluorescent product (Guo et al. 2003, Nagano 1999). Sampled K. stuttgartiensis 
cells displayed the characteristic green fluorescence indicating NO production 
xiif a 
294 295 296 297 
m/z 
FIGURE 2.3 
Hydrazine turnover. A: K. stuttgartiensis celts were incubated with 2 mM "NCV and "NHS each in the 
presence of 2 mM ^NjH«. Under these conditions cells would only produce SN2H4 and preferentially 
consume 'SN2H4, leading to 'sN-label accumulation in the N2H4 pool. The 295 and 296 m/z masses 
correspondu) derivatizationproducts of2SNîHt and^^H* with psra-dimethylaminobemaldehyde 
{Audrieth and Ackerson Ogg 1951). B: The 294 m/z moss arises from the impurities of the matrix. 
Within 15 min, 16% of the ftfeH, poof was labelled. C: Hydrazine {open circles) was produced by the cells 
incubated with 2 mM NH/ (open triangles) and NO (0.1 mM, open squares), η-2 (error bars, s.d.). 
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(Figure 2.2B). In control experiments without nitrite or with added PTIO, there 
was no detectable fluorescent signal. It should be noted that both PTIO and 
DAF2-DA might have a wider reaction spectrum than NO and might possibly 
react with other nitrogen monoxides such as nitroxyl (HNO). However, unlike 
NO, HNO was not a suitable substrate for hydrazine synthase (see below). 
Interestingly, when acetylene (15 μΜ) was added, the anammox reaction was 
inhibited. Acetylene inhibits aerobic ammonium oxidation by binding covalently 
to the ammonia monooxygenase, the ammonia-activating enzyme of aerobic 
ammonium oxidizers (Gilch et al. 2009, Hyman and Wood 1985, McTavish el 
al- 1993). Apparently, it also interfered with the ammonium-activating step of 
anammox cells [equation (2.2)]. Importantly, acetylene inhibition resulted in an 
immediate accumulation of NO; hydroxylamine accumulation was not observed, 
consistent with the role of NO as the direct precursor for N2H4. 
The second step of the predicted anammox pathway would then be the reduction 
of NO and its simultaneous condensation with ammonium to produce N2H4 
[equation (2.2)!. Because the role of N2H4 in anammox catabolism was not 
established, we first demonstrated its in vivo turnover (Figure 2.3AB). To 
investigate whether N2H4 could be produced directly from NO, cell suspensions 
were incubated with NO (0.1 mM) and ammonium (2mM). A transient 
accumulation of hydrazine (18 μΜ) was observed (Figure 2.3C), albeit at a much 
lower concentration (200-500 μΜ) than for incubations with hydroxylamine 
(Kartal et al. 2008, van de Graaf et al. 1997). This is consistent with equations 
(2.i)-(2.3) because the major part of the produced N2H4 would be oxidized to N2 
as expected from the overall reaction and NO could be supplied at much lower 
concentrations [equation (2.5)]. 
Eq.2.5 NO + N H , ^ WNzHi + H 2 0 +
 3/4Ν2 
The anammox pathway is completed by the oxidation of N2H4 to N2 [equation 
(2.3)1. For a long time, N2H4was known as an alternative substrate for octahaem 
hydroxylamine oxidoreductases (H AOs), the enzymes that catalyse the conversion 
of hydroxylamine to nitrite in aerobic ammonium oxidizers (Hooper and Nason 
1965, Hooper et al. 1997). Strikingly, the K. stuttgartiensis genome encoded ten 
divergent paralogues of this enzyme, and six were detected at high levels in the 
transcriptome and proteome (mRNA up to 189-fold coverage, 27-58% p.p.d.; see 
http://www.nature.com/nature/journal/v479/n7371/extref/nature10453-s1.pdffor 
a table containing transcriptome and proteome data). Six expressed paralogues 
belonged to the 'type ΙΓ hydrazine/hydroxylamine oxidoreductases (HZO/HAO) 
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(Klotz et al. 2008). Two related 'type ΙΓ HZO/HAO and one divergent octahaem 
cytochrome c were also detected at lower levels (4-15% p.p.d.) and one was not 
detected. By a two-step liquid chromatography procedure, we purified two highly 
expressed HZO/HAO-like proteins (kustco694 and kustcioói). These enzymes 
appear to be closely related to two enzymes of unknown function isolated from 
an anammox enrichment culture KSU-i (Shimamura et al. 2008, Shimamura 
et al. 2007). Both enzymes catalysed the four-electron oxidation of N2H4 to 
N2 with cytochrome c as the artificial electron acceptor with different rates 
(2.5 and 0.4 μηιοΐ-ιτηη^-η^ protein"1, respectively). When they were incubated 
with 3 0N2H4 (H2'5N-'5NH2) and cytochrome c, 3 0 N 2 ( 1 5 Ν Ξ 1 5 Ν ) was produced 
stoichiometrically, in agreement with equation (2.3). Interestingly, kustcioöi 
also oxidized hydroxylamine to NO (rather than nitrite) with a higher rate 
(6 μπιοΐ-πιϊη '-mg protein'1)· In contrast, kustco694 did not catalyse this reaction 
and hydroxylamine and NO were powerful inhibitors of N2H4 oxidation, 
150 
S 100 
2 3 
time (h) 
f mme 2.4 
^Wj. production by hydrazine synthase and 
kustcio6ifrom «NH/ and NO. 2'N2 was 
produced with the highest rate when hydrazine 
synthase complex (1.6 mg) and kustcioGi 
f4.7 pg) were Incubated with "NHS (1 mMj, 
MNO (0.9 rnM) and cytochrome c (50 μΜ, fitted 
circles). In the control experiments, hydrazine 
synthase complex and cytochrome c (open 
circles), kustcio6i and cytochrome c (open 
diamonds), cytochrome c (filled squares) and 
buffer only (open triangles) were incubated 
under the same experimental conditions; η = 3 
(error bars, s.d.). 
suggesting kustco694 was the dedicated hydrazine dehydrogenase (HDH) in K. 
stuttgartiensis. Furthermore, the inhibition of kustco694 explained the transient 
accumulation of N2H4 in the presence of hydroxylamine or NO. 
Although no enzyme is known to convert NO and ammonium into N2H4, two 
candidate gene clusters were previously identified potentially encoding an enzyme 
complex with this function (hydrazine synthase, HZS) (Strous et al. 2006). One 
of these clusters (kuste2859-6i) encoded the most highly expressed proteins in 
the proteome (greater than 60% p.p.d., visible as three dominant spots on two-
HMHIH 
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dimensional gels; Supplementary Figure 2.1) and extremely abundant mRNAs in 
the transcriptome (greater than 50-fold coverage). The transcription of the other 
candidate cluster (k;uste2474-83) was well below average (1.7-fold coverage) and 
expression was not detected by proteomics. 
The kuste2859-6i proteins were purified from the cell-free extract of the 
K. stuttgartiensis as a complex that separated into three distinct bands on a 
denaturing Polyacrylamide gel, corresponding to polypeptides encoded by three 
consecutive genes (kuste2859-286o-286i> Supplementary Figure 2.2). Native 
Polyacrylamide gel electrophoresis revealed that the complex was a multimer 
of approximately 240 kDa. Hydrazine synthesis activity of the complex was 
shown in a coupled assay with the kustcioói HZO/HAO, using "'N-ammonium 
( imM) and NO (0.9mM) as substrates (Figure 2.4). In the assay, kustcioói 
would 'pull' the reaction by rapidly oxidizing the produced N2H4 to "Na as 
the end product, while simultaneously 'pushing' the reaction by providing the 
electrons for N2H4 synthesis [equations (2.2) and (2.3)]. Kustcioói alone did 
not catalyse the reaction, and N2 production above background could not be 
measured in the absence of ammonium or NO. N2 was not produced above 
background when hydroxylamine or nitroxyl (HNO) were provided as substrates 
with ammonium. The activity of N2 formation in the coupled assay was 
2onmolh 'mg protein"1, lower than the activity of whole cells with ammonium 
and nitrite (approximately ιβοοηιτιοΐ-ΐτ'-ιτ^ protein-'). The cell-free extracts 
were unable to form N2 from ammonium and nitrite, but could from NO and 
ammonium under the same experimental conditions, at sixfold lower rate than 
the purified HZS Q^nmol-lr'-mg protein-'). The decrease in activity upon mere 
cell disruption was most probably due to the disruption of a tightly coupled 
multi-component system with hydrazine synthesis as the rate-limiting step. 
Interestingly, the kuste2859-6i complex was capable of N2 formation from 
ammonium and NO on its own (Figure 2.4). The purified enzyme oxidized N2H4 
to N2 with a specific activity of 34 nmol-min ' m g protein ', resulting in an overall 
disproportionation reaction [equation (2.5)]. Considering that N2H4 is the energy 
source in anammox metabolism, N2 formation by HZS would be unproductive. 
Consequently, we may speculate that the anammox bacterium harbours backup 
systems that efficiently trap hydrazine and that keep (nitrogenous) inhibitory 
compounds, like NO and hydroxylamine, at low concentrations, which would 
partly explain the redundancy of HAO/HZO-like proteins in the organism. Our 
experiments showed that HZS and HDH were necessary and sufficient to make 
N2 from the substrate ammonium and the intermediate NO. 
Taken together, anammox catabolism and energy for growth must be conserved 
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from three reactions [equations (2.i)-(2.3)]. It is hypothesized that anammox 
bacteria synthesize ATP through a membrane-bound ATP synthase complex 
driven by proton-motive force (pmf) generated through catabolic reactions with 
the intermediary action of the quinohxytochrome c oxidoreductase system 
(complex III, the bei complex). 
Intriguingly, three gene clusters encoding bei complexes and four encoding 
ATP synthases were present in the K. stuttgartiensis genome. Transcription 
and expression of one (1015164569-74) of these gene clusters were detected at 
higher levels (26-33% p.p.d., 6- to 24-fold mRNA coverage) than the other two 
(0-19% p.p.d., 2- to 15-fold mRNA coverage). When K. stuttgartiensis cell 
suspensions were spiked with pentachlorophenol (10 μΜ), a structural analogue 
of quinol and a known inhibitor of the bei complex, anammox activity was 
completely inhibited, indicating that the bei complex was involved in energy 
conservation and its role in electron transport from N2H4 oxidation to nitrite 
reduction and hydrazine synthesis was not backed up by any other system. The 
expression of the four gene clusters encoding ATP synthase was even more 
skewed. Peptide coverage for kuste3789-96 was 14-58% p.p.d. compared with 
less than 1% for the other three ATP synthases, and mRNA coverage differed by 
a factor of six. The gene product encoding the catalytic ß-subunit of the highest 
expressed ATP synthase (kuste3787-96) was recently shown to be associated 
with the membranes of the intracellular cell compartment, the anammoxosome, 
suggesting it to be the site where the proton-motive machinery resides (van 
Niftrik et al. 2010). 
In the present study we experimentally identified NO and N2H4 as the 
intermediates of anaerobic ammonium oxidation. The highly expressed protein 
encoded by the gene cluster kuste2859-6i was purified and N-N bond formation 
from NO and ammonium was demonstrated. Hydrazine synthase and the NO 
reductase of denitrifiers are the two enzymes capable of bonding two Ν atoms 
together. In contrast to NO reductase, hydrazine synthase combines two different 
nitrogenous molecules. It is intriguing that all the N2 in our atmosphere is formed 
by the oxidizing power of NO, in line with the hypothesis that NO may have been 
the first deep redox sink on Earth (Ducluzeau et al. 2009). 
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Experimental procedures 
Source of the biomass 
Κ. stuttgartiensis cells were collected from a 10-L laboratory scale anammox 
membrane bioreactor (Kartal et al. 2011, van der Star et al. 2008) and were 
concentrated by centrifugation. The cells were re-suspended to a protein 
concentration higher than 1 mg-mL '. Part of the cell suspension was diluted 
100 times, chemically fixed, and hybridizations with fluorescently labelled 
oligonucleotide probes were performed as described previously (Schmid et al. 
2000, Schmid et al. 2005). 
Sample preparation 
The cell suspensions were transferred to 8-mL serum bottles. The vials were made 
anoxic by alternately applying under-pressure and He or Ar seven times and 
were transferred to an anaerobic chamber with a 95%/5% Ar/hb atmosphere. O2 
in the Ar in the anaerobic chamber was removed by passing Ar over a Pd catalyst 
(o.2p.p.m. residual O2). In the anaerobic chamber, cell suspensions were diluted 
five times with anaerobic mineral medium (van de Graaf et al. 1996) (pH 7.5) to a 
final volume of 40 or 8mL and transferred to glass vials unless stated otherwise. 
All preparations (for example, addition of substrates and/or inhibitors) for 
different incubations were handled in the anaerobic chamber. All experiments 
were performed at least in duplicate. All non-labelled salts were purchased as 
molecular grade (more than 99.95% pure, Merck) unless stated otherwise. All 
labelled compounds were 99% pure and purchased as sodium or chloride salts 
(Cambridge Isotope Laboratories). All gaseous compounds were of the highest 
purity available. 
Analytical methods 
NO2 and NH4' were determined as described previously (Kartal et al. 2010). N2H4 
was determined colourimetrically at 420 nm after reaction of ιοο-μΐ sample with 
900 pL 2% (w/v) para-dimethylaminobenzaldehyde (PDB), 3.7% (v/v) HCl in 
ethanol (Audrieth and Ackerson Ogg 1951). NH2OH (detection limit 5μΜ) was 
determined as previously described (Kartal et al. 2010). 
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Effect of PTIO 
To determine the effect of PTIO, an NO scavenger (Akaike and Maeda 1996) 
12, on anammox bacteria, three incubations were performed in parallel. NO2 
and NH4+ (2 mM) were added to all incubations. To the first incubation, PTIO 
(100 μΜ) was added at ο min, to the second it was added at 40 min, and no PTIO 
was added to the third incubation. Liquid samples were taken every 15 min and 
analysed for NH/, NO2 and NH2OH as previously described (Kartal et al. 2010). 
f-ry.'**? 
Bioimaging of nitric oxide 
To detect NO turnover, K. stuttgartiensis cell suspensions were incubated with 
2 mM NO2 and NhV in amber vials. In parallel, nitrite-depleted cell suspensions 
were incubated in the presence of 2mM NH4+. After a 5-min pre-incubation, 
diaminofluorescein-2-diacetate (DAF2-DA, Calbiochem) was added to a final 
concentration of 10 μΜ. The vials were incubated in the dark for 30 min at 33 0C 
and were shaken continuously at 30or.p.m. As a negative control, cells were 
incubated with PTIO and DAF2-DA. Cells were then harvested by centrifugation, 
washed three times in mineral medium (van de Graaf ei al. 1996) to remove the 
excess chromophore and were re-suspended in mineral medium. A liquid sample 
(5μ1) of the suspension was pipetted on a microscope slide and dried in the 
dark. The preparations were examined with a Zeiss Axioplan2 epifluorescence 
microscope. 
fv :φ 
--•Va 
Botch experiments 
To determine the activity of Κ stuttgartiensis with NO and NH/, cell suspensions 
were incubated with NO (0.1 mM) and 2 mM NH4+ in 100-mL glass vials with 10% 
NO (in He) in the headspace. Gas samples were analysed in a chemoilluminescence 
NOx analyser (CLD 700EL, EcoPhysics, detection limit 0.1 p.p.m. NO). Liquid 
samples were taken every 30 min and analysed for N H / and N2H4 as previously 
described (Audrieth and Ackerson Ogg 1951, Kartal et al. 2010). To determine 
the effect of acetylene on anammox bacteria, K. stuttgartiensis suspensions were 
transferred to 40-mL glass vials. NO2 and NLV were added to the incubations 
to a final concentration of 2mM. The vials were incubated at 33 0C and were 
mixed with a magnetic stirrer at 500 r.p.m. and continuously flushed with Ar/C02 
(95%/5%) with a flow of 10 mL-min '. The effluent gas from the vials was connected 
to a chemoilluminescence NOx analyser (CLD 700EL, EcoPhysics, detection limit 
0.1 p.p.m. NO) for online NO measurement. At 15 min, 100 μι acetylene (15 μΜ) 
was added to the vials. As negative controls, 100 μΐ air and 100 μΐ, nitrogen were 
added to separate incubations. Liquid samples were taken from the incubations 
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every 10-15 s and chilled to o 0 C immediately. The supernatant of each sample 
was transferred to an Eppendorf cup and kept at 4 "C until they were analysed for 
N i V , N2H4 and NH 2 OH. 
Detection of hydrazine turnover in anammox cells 
To detect N2H4 turnover, ' 5 Ν θ 2 , NH 4
+
 (or vice versa) and NzH« (2mM each) 
were added to the K. stuttgartiensis cell suspensions. The vials were incubated 
in the dark for 15 min at 30 0C, soor.p.m. Liquid samples were taken every 5 min, 
and isotopie composition of N2H4 was determined by MALDI-TOF MS after 
reaction with PDB. For MALDI-TOF analysis, 10 μ ι of PDB-reacted samples 
were mixed with an equal volume of sample buffer containing 2omgmL-i 
a-cyano-4-hydroxycinnamic acid in 0.05% (v/v) trifluoroacetic acid (TFA), 50% 
(v/v) acetonitrile. rIhe mixtures (0.3 μΐ) were spotted on a S26/100 M-probe 
(Bruker 15165), which was inserted into a multiprobe adaptor. MALDI-TOF MS 
measurements were performed in the mass range of 100-800 Da on a Bruker III 
mass spectrometer, using the reflectron mode. 
Cytochrome bei complex 
To determine the role of cytochrome bc\ complex in anammox catabolism, K. 
stuttgartiensis suspensions were incubated with pentachlorophenol, a specific 
inhibitor of the bei complex. NO2 and NFU* were added to the incubations 
to a final concentration of 2mM. Pentachlorophenol was added to a final 
concentration of 10 μΜ. NO2 and NH 4
+
 were determined as described previously 
(Kartal et al. 2010). 
Preparation of cell free extract 
K. stuttgartiensis cells (2L, OD6oo=i.2) were harvested from the membrane 
bioreactor. After centrifugation (4,000g, 4 0C), the pellet was re-suspended in 
one volume 20 mM potassium phosphate buffer, pH 8. Cell suspensions were 
passed three times through a French pressure cell operated at 138 MPa. The lysate 
was incubated with 1% (w/v) sodium deoxycholate at 4 0 C for i h to solubilize 
membrane associated proteins. After centrifugation for 15 min at 3,000g at 4 0 C, 
the cell-free fraction was obtained as clarified supernatant. 
Protein electrophoresis and MALDI-TOF analysis 
Samples were denatured by incubation with 60 mM Tris/HCl buffer (pH 8) 
containing 5% ß-mercaptoethanol, 2% SDS (sodium dodecyl sulphate) and 25% 
glycerol for 5 min at 100 0C. SDS-PAGE was performed in 10% or 6% slab gels 
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in 375 mM Tris/HCl glycine buffer, pH 8.8 according to (Laemmli 1970). Native 
PAGE (6%) was performed according to the same procedure with the following 
modifications: the protein preparations were not boiled before electrophoresis, 
SDS and ß-mercaptoethanol were omitted from the gels, and Tris/HCl glycine 
(375 mM, pH 8.3) was used as the running buffer. Gels were stained with colloidal 
Coomassie blue as described elsewhere (Candiano et al. 2004). To identify the 
protein bands resolved in SDS-PAGE, gel spots (-3 mm3) were picked, digested 
with trypsin and analysed with MALDI-TOF mass spectrometry as described 
elsewhere (Farhoud et al. 2005). 
Purification of kuste2859-286o-286l, kustco694 and kustcioBl 
Cell-free extract was centrifuged at 150,000g, 10 0C (Discovery 100, equipped 
with a T-1270 rotor, Sorvall, Newtown, USA) to remove the membranes. The 
supernatant was loaded on a 30 mL Q Sepharose XL (GE Healthcare, Uppsala, 
Sweden) column equilibrated with 20 mM Tris/HCl, pH 8. Kuste2859-286o-286i 
and kustcioói were eluted isocratically with 200 mM NaCl in 20 mM Tris/HCl, 
pH 8 (2mL-min')· Kustco694 was eluted isocratically with 400mM NaCl in 
20 mM Tris/HCl, pH 8 (2 mL-min1)· Eluted fractions were subsequently loaded 
onto a 10 mL Hydroxyapatite (Bio-Rad) column equilibrated with 20 mM 
potassium phosphate buffer, pH 7 and eluted with a gradient of the same buffer 
(20-50omM ) 2 mL-min')· Kustcioói and kuste2859-286o-286i were collected 
in fractions eluted at 100 mM and 200 mM phosphate, respectively. The pooled 
fractions were desalted and concentrated using Vivaspin tubes (100kDa cut-
off, Sartorius Stedim Biotech, Aubagne, France) to concentrations of at least 
0.86 mL-min' (kuste2859-286o-286i) and 2.3mL-min' (kustcìoói) in 20mM 
phosphate buffer, pH 7. 
Detection of hydrazine and hydroxylamine oxidation by kustcio6i and 
ku5tco694 
To 2mL (final volume) of phosphate buffer (20 mM, pH 7), 4.7μgof kustcioói or 
1.3 μg of kustco694 and cytochrome c (50 μΜ final concentration, bovine heart, 
Sigma-Aldrich) were added to a 3-mL exetainer (Labco). To start the reaction 
to determine the electron stoichiometry, 10 μΜ, and for routine rate assays 
50 μΜ H215N-'5NH2 was added from an anoxic stock. To determine the capacity 
for NH2OH oxidation, proteins were incubated in separate vials with 50 μΜ 
1 5
ΝΗ2θΗ and 50 μΜ cytochrome c. Exetainers were incubated at 370C in 
the anaerobic chamber. 1 5N=1 SN and ^NO production was monitored by gas 
chromatography (Agilent 6890 equipped with a Porapak Q column at 80 0C) 
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combined with a mass spectrometer (Agilent 5975c quadruple inert MS). 
Combined assay of kuste2859-286o-286l and kustcio6l 
Cytochrome c (50 μΜ final concentration, bovine heart, Sigma-Aldrich), kustcioói 
(4.7μg), imM ,5NH4+and5 μΜΝ2Η4 were added to 1.6 mg ofkuste2859-286o-286i 
in imL phosphate buffer (20 mM, pH 7) in a 3-mL exetainer (Labco, High 
Wycombe, UK). The reaction was started by adding phosphate buffer (20 mM, pH 
7) with NO (0.9 mM) to a final volume of 2mL. Before incubation at 370C in the 
anaerobic chamber, 1 mL of 50% NO (in He) was added to the headspace. Control 
experiments were performed with ammonium (1 mM) with NH2OH (1 mM) and 
HNO supplied as Angeli's salt (41 mM) in separate incubations. "Nz ("N^^N) 
production was monitored by gas chromatography (Agilent 6890 equipped with 
a Porapak Q column at 80CC) combined with a mass spectrometer (Agilent 5975c 
quadruple inert MS). 
LC-MS/MS analysis and data processing 
After PAGE, gels were stained with colloidal Coomassie blue as described 
elsewhere (Candiano et al. 2004). The gel lane was cut into four slices and each slice 
was destained with three cycles of washing with 50 mM ammoniumbicarbonate 
and 50% acetonitrile. Protein reduction, alkylation and digestion with trypsin 
were performed as previously described (Wilm et al. 1996). After digestion, 
samples were de-salted and purified according to (Rappsilber et al. 2003). Sample 
analysis by LC-MS/MS was performed using an Agilent nanoflow 1100 liquid 
Chromatograph coupled online through a nano-electrospray ion source ('Ihermo 
Fisher Scientific) to a 7T linear ion trap Fourier transform ion cyclotron resonance 
mass spectrometer (LTQ FT, Thermo Fisher Scientific). The chromatographic 
column consisted of a 15-cm fused silica emitter (New Objective, PicoTip 
Emitter, Tip: 8± 1 μιη, internal diameter 100μηι) packed with 3-pm C18 beads 
(Reprosil-Pur C18 AQ, Dr Maisch GmbH) (Ishihama et al. 2002). After loading 
the peptides onto the column in buffer A (0.5% HAc), bound peptides were 
gradually eluted using a 67-min gradient of buffer Β (8o% ACN, 0.5% HAc). First, 
the concentration of acetonitrile was increased from 2.4 to 8% in 5 min, followed 
by an increase from 8 to 24% acetonitrile in 55 min, and finally an increase from 
24 to 40% acetonitrile in 7 min. 'Ihe mass spectrometer was operated in positive 
ion mode and was programmed to analyse the top four most abundant ions from 
each precursor scan using dynamic exclusion. Survey mass spectra (350-2000 
m/z) were recorded in the ion cyclotron resonance cell at a resolution of R = 
5-105. Data-dependent collision-induced fragmentation of the precursor ions was 
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performed in the linear ion trap (normalized collision energy 27%, activation q = 
0.250, activation time 30 ms). Mass spectrometric data files were searched against 
the K. stuttgartiensis database (known contaminants like human keratins and 
trypsin were added to the database) using the database search program Mascot 
(Matrix Science, version 2.2). To obtain factors for the recalibration of precursor 
masses, initial searches were performed with a precursor ion tolerance of 50 ppm. 
Fragment ions were searched with 0.8-Da tolerance and searches allowed for 
one missed cleavage, carbamidomethylation (C) as fixed modification, and 
deamidation (NQ) and oxidation (M) as variable modifications. The results from 
these searches were used to calculate the m/z-dependent deviation, which was 
used to recalibrate all precursor m/z values. After recalibration of the precursor 
masses, definitive Mascot searches were performed using the same settings as 
stated above, but with a precursor ion tolerance of 2op.p.m. Additionally, reverse 
database searches were performed with the same settings. Protein identifications 
were validated and clustered using the PROVALT algorithm to achieve a false-
discovery rate of less than 1% (Weatherly et al. 2005). 
Two-dimensional gel electrophoresis 
Before protein separation by isoelectric focusing, 1 mg of the protein suspension 
was incubated with 1% (v/v) Immobilized pH-gradient (IPG) buffer of the 
appropriate range, 5 mM tributyl phosphine and 0.01% (w/v) bromophenol blue 
for 15min at room temperature and centrifuged at lo.ooog for 15 min at io0C. 
Isoelectric focusing was performed with the IPGphor system using commercial 
24-cm-long IPG strips with linear immobilized pH gradients of various ranges. 
The conditions for rehydration of the IPG strips, sample entry and isoelectric 
focusing were as follows: the temperature was set constant at 18 0C and 50-μΑ per 
strip were applied. Focused IPG strips were equilibrated before SDS-PAGE two 
times for 15 min in 375 mM Tris/HCl pH 8.5, 2% (w/v) SDS, 20% (w/v) glycerol, 
6 M urea, 10 mM DTT, 50 mM acrylamide and 0.1% (w/v) bromophenol blue. Gels 
were run for 45 min with constant cooling to 18 0C at 20 V, 40 W and subsequently 
at 40 V, 40 W until the bromophenol blue marker reached the end of the gel. Gels 
were fixed in 30% (v/v) ethanol and 10% (v/v) glacial acetic acid and were stained 
with colloidal Coomassie blue (Neuhoff et al. 1988) or silver stain (Mortz et al. 
2001). Picked gel spots were digested and analysed with MALDI-TOF MS as 
described elsewhere (Farhoud et al. 2005). 
MuUiheme protein complexes of anaerobic ammonium-oxidizing bacteria 
Blue native PAGE 
Blue native PAGE of the protein complexes was performed as described 
elsewhere (Calvaruso et al. 2008). For protein identification in two-dimensional 
gels, 16 cm χ 20 cm gels were casted according to (Calvaruso et al. 2008) with the 
following exception: 4-10% linear Polyacrylamide gradient was used. Sample 
additive (1.5 μΐ,) (0.75 M 6-aminocaproic acid, 5% Serva Blue G) was added to 
40 μg protein sample before loading the gel. Electrophoresis was performed at 
50 V until the migration front entered the resolving gel and then at 100 V until 
the migration front reached the end of the gel. Cathode and anode buffer for blue 
native PAGE were 50 mM Bis-Tris, pH 7.0, and 50 mM Tricine, 15 mM Bis-Tris, 
pH 7.0, respectively. Preparation of the first-dimension gel strip and assembly 
and casting of the second-dimension gel were performed as described elsewhere 
(Calvaruso et al. 2008) with the exception that the second-dimension cassette 
had the same thickness as the first dimension. No Coomassie blue was added to 
the cathode buffer. 
Transcriptomics 
RNA was extracted using the Ribopure Bacteria Kit (Ambion) according to the 
manufacturer's instructions. First-strand cDNA was synthesized with random 
primers using the RevertAid H Minus First Strand cDNA Synthesis Kit, and 
the second strand was synthesized using DNA polymerase and manufacturer's 
instructions (Fermentas). 'Ihe quality scores of the obtained Solexa reads 
(3.5 million) were converted to PHRED format and mapped with Maq 
(http://maq.sourceforge.net) to the five contigs that constitute the K. stuttgartiensis 
genome (accession numbers CT030148, CT573071-4). From the aligned reads, 
the per-position coverage was calculated for each contig and used to calculate 
the coverage for each orf, intergenic region and predicted RNA element. 
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Supplementary Figures 
BN-PAGE (I5 1 dimension) 4-10% linear gradient 
SDS-PAGE 
(2"a dimension) 
4% stacking gel 
10% resolving gel 
J 
j Kuste2859-61 Kuste2861 
Kuste2859 
Kuste2860 
SUPPLEMENTARY FIGURE 2.1 
Blue native SDS PAGE 2D gel (160 ßg protein loaded) showing hydrazine synthase as a complex and 
separated to its subunits. 
M CE HZS 
36 kuste2860 
I peptides detected with nano LC-MS-MS 
k. signal peptide 
I transmembrane helix 
I heme c 
M 
CE 
HZS 
marker (masses in kDa) 
cell-free extract 
hydrazine synthase 
SUPPLEMENTARY FIGURE 2.2 
SDS PAGE ofK. stuttgartiensis cell-free extract and the fraction containing hydrazine synthase (20 μg 
protein loaded) after separation on Q sepharose XL and hydroxyapatite. 
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Chapter 3 
A novel multiheme hydroxylamine 
dehydrogenase that produces nitric oxide 
Multiheme protein complexes of anaerobic ammonium-oxidizing bacteria 
Abstract 
Bacterial multiheme cytochrome c complexes are ubiquitous in nature and represent a diverse and largely unexplored group of respiratory enzymes. 
The anaerobic ammonium oxidizing bacterium Kuenenia stuttgartiensis obtains 
energy from the combination of ammonium and nitrite, and does so by using 
an array of different heme-proteins. A genome survey revealed 61 different 
heme-protein encoding open reading frames (ORF), among which ten octaheme 
proteins. Of these ten, the ORF kustcioói was the most highly expressed. In 
this chapter, the product of ORF kustcioói was purified and characterized. The 
amino acid sequence was 25% similar to hydroxylamine oxidoreductase from 
Nitrosomonas europaea. It contained eight CXXCH heme-binding motifs as well 
as several other conserved features. Gel electrophoresis indicated the kustcioói 
monomer to be assembled as a homotrimeric complex, of which the subunits 
were covalently bound. 
The complex oxidized both hydroxylamine (V =4.8±ο.2μιηο1·ΓΤπη 'mgprotein ', 
KM=4.4 ± 0.9 μΜ) and hydrazine (V =ΐ·6 ± 0.0 μηιο1·πιΐη"1·ιη§ protein', 
iCM=54 ± 3.3 μΜ). Gas chromatography combined with mass spectrometry 
showed the products of these reactions to be nitric oxide and dinitrogen gas, 
respectively. The UV-VIS spectra of oxidized and reduced kustcioói suggested 
the presence of c-type hemes. Moreover, it contained a chromophore that had 
an optical maximum at 468 nm in the reduced state, termed Rise- Analogously 
to NeHAO, where a similar chromophore was observed, this peak is assumed to 
be caused by the catalytic heme. In the presence of substrates, the spectra were 
partly reduced. 
Redox potentials of the eight hemes were determined by protein film 
electrochemistry on a transparent electrode. Overall, the heme midpoint 
potentials were 100 mV lower than those reported for NeHAO. The P468 heme 
had a midpoint potential of -300 mV. 
The crystal structure confirmed the observations that kustcioói is a covalently 
bound trimer. Its overall shape resembles a tulip bulb with a threefold rotational 
symmetry. A conserved tyrosine residue located near the C-terminus interacts 
with two covalent bonds (a G-O and a C-C bond) to the highly ruffled catalytic 
heme. The heme arrangement within the complex is almost identical to that of 
NeHAO. The site of catalysis is formed by the tyrosine-bound P468 heme, D262, 
H263 and M323. A noteworthy difference with the NeHAO active site, that it has 
a tyrosine instead of the methionine. 
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The physiological role of kustcioói, as suggested by enzyme kinetics, is oxidative 
dehydrogenation of hydroxylamine to nitric oxide. Thus we suggest kustcioói 
to be a hydroxylamine dehydrogenase (HXD). As the presumed physiological 
hydrazine dehydrogenase is severely inhibited by hydroxylamine, we propose 
that kustcioói is needed to remove inhibitory hydroxylamine, which is possibly 
leaked from hydrazine synthase. The product, nitric oxide, is an anammox 
intermediate and is harmless to anammox biomass. 
Introduction 
The group of bacterial multiheme cytochrome c proteins (MCCs) encompasses a 
wide range of electron transferring enzymes that play essential roles in the global 
nitrogen, sulfur and iron cycles (Mowat and Chapman 2005, Simon et al. 2011). 
Their amino acid sequence is usually characterized by the presence of multiple 
CXXCH motifs, of which the two cysteines are covalently bound to the porphyrin 
ring whereas the histidine serves as proximal ligand to the iron atom. Advances 
in bacterial genome and metagenome analysis are continuously revealing novel 
genes encoding for proteins with multiple heme-binding sites. Bacteria, such as 
Kuenenia stuttgartiensis, Geobacter sulfurreducens and Shewanella oneidensis, 
have been reported with many CXXCH encoding genes, pointing towards a 
multitude of respiratory strategies (Heidelberg et al. 2002, Methé et al. 2003, 
Strous et al. 2006). The range of respiratory electron transferring reactions 
is likely to expand with the biochemical characterization of these new MCCs. 
The crystal structures of only a few MCCs have been resolved (the penta- and 
octaheme nitrite reductases, octaheme tetrathionate reductase and octaheme 
hydroxylamine oxidoreductase (Einsle et al. 1999, Einsle et al. 2000, Igarashi et 
al. 1997, Mowat et al. 2004, Polyakov et al. 2009), and a striking similarity was 
found in their heme arrangements despite their unrelated primary structures 
and catalytic activities. Moreover, these enzymes were found to convert more 
than one substrate in vitro, suggesting one biochemical principle to underlie a 
multitude of respiratory electron-transfer reactions catalyzed in nature. 
One of the bacteria containing novel MCCs is the chemolithoautotrophic 
bacterium Kuenenia stuttgartiensis. K. stuttgartiensis activates ammonium 
anaerobically, using nitrite as terminal electron acceptor (Jetten et al. 2009). 
Anaerobic ammonium oxidation or anammox is widely recognized as an 
attractive alternative to conventional waste water treatment processes and has 
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been established to be a major contributor to atmospheric dinitrogen gas (Kartal 
et al. 20ioa, Kuypers et al. 2005, Lam et al. 2009). The anammox pathway proceeds 
through the intermediates nitric oxide (NO) and hydrazine (^Η,ι), of which the 
latter is oxidized to dinitrogen gas, donating four electrons to the respiratory cycle 
(Kartal et al. 2011b). 'Ihe genome harbors 61 open reading frames that encode 
(multi)heme proteins, among which ten have sequence homology to octaheme 
hydroxylamine oxidoreductase. Ihe physiological relevance of this redundancy 
in anammox bacteria is yet to be elucidated. 
In aerobic ammonium oxidizers, intermediary hydroxylamine plays a role 
similar to hydrazine in anammox bacteria. Hydroxylamine oxidoreductase from 
Nitrosomonas europaea (NeHAO) catalyzes the oxidation of hydroxylamine to 
nitrite, yielding four electrons, of which two are used to activate ammonium 
in a mono-oxygenase reaction (Hooper and Nason 1965, Hooper et al. 2004). 
Hydrazine was found to be an artificial substrate for NeHAO and it was oxidized 
to dinitrogen gas (Anderson 1964). The native enzyme was a 200 kDa trimer 
consisting of three identical covalently bound octaheme subunits (Arciero and 
Hooper 1993, Igarashi et al. 1997, Terry and Hooper 1981). The covalent bond 
linking the subunits was between a tyrosine residue and an unusual heme of the 
adjacent subunit. This heme, called Ριβο after an optical absorption maximum 
at 460 nm, was established to be the catalytically active heme, with no obvious 
distal ligand. The other seven hemes were found to be bis-his-coordinated c-type 
hemes (Andersson and Hooper 1983, Andersson et al. 1984, Igarashi et al. 1997, 
Lipscomb et al. 1982). Since the tyrosine crosslink and catalysis of an oxidation 
co-occur it is tempting to speculate that the covalently bound tyrosine is 
accociated with proton abstraction (Klotz et al. 2.008). A hypothetical mechanism 
of the enzyme was proposed to involve the stepwise abstraction of protons 
and electrons, via intermediary Fe-bound nitroxyl (HNO) and NO (Collins et 
al. 1993, Fernandez et al. 2008, Hendrich et al. 2002, Hooper and Terry 1979, 
Kurnikov et al. 2005). Multiheme complexes that catalyze reductive reactions 
in the nitrogen cycle, such as penta- and octaheme nitrite reductases (Einsle et 
β'· 1999» Einsle et al. 2000, Polyakov et al. 2009), are similar to NeHAO in their 
tertiary structure and active site architecture. This is reflected in the evolution 
and proposed mechanism of nitrite reduction, which proceeds through similar 
Fe-bound nitrogenous intermediates as well (Einsle et al. 2002, Klotz et al. 2008). 
The Κ. stuttgartiensis genome and transcriptome contains 10 different genes 
encoding multiheme enzymes with 25% or less sequence similarity to NeHAO, 
eight of which are highly expressed (Kartal et al. 2011b, Strous et al. 2006). 
Proteome analysis revealed that, of these eight expressed HAO-like enzymes, 
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the one encoded by open reading frame kustcioói is most abundantly expressed 
(Kartal et al. 201 ib). The purified gene product was a catalytically active multiheme 
complex with both hydrazine oxidizing activity and hydroxylamine oxidizing 
activity (Kartal et al. 2011b). The orthologues from the anammox bacteria 
Brocadia anammoxidans and KSU-i had similar kinetic properties (Schalk et 
al. 2000, Shimamura et al. 2008). Although the enzyme oxidizes hydrazine, it 
is unlikely that this is its main physiological role, since a second NeHAO-like 
enzyme (kustco694) purified from K. stuttgartiensis exhibited higher activities 
for hydrazine, but was inhibited by hydroxylamine and nitric oxide (Kartal et 
al. 2011b). This led to the hypothesis that kustco694 is a physiologically relevant 
hydrazine dehydrogenase in K. stuttgartiensis, leaving the physiological role of 
kustcioói to be resolved. 
To address the physiological role of kustcioói, it was purified and characterized "'^ίττ'"«; 
using enzyme kinetics combined with stable isotope labeling, ultra-violet to .^ V-'iv-.: 
visible optical spectroscopy (UV-VIS) and protein film electrochemistry (PFE). î i ^ ISr l 
In addition to this, the crystal structure of kustcioóiwas resolved, being the first l s l ?^ ' ' l 
crystal structure of an anammox enzyme. This study provides an unprecedented -. '..f^vij 
insight in anammox biochemistry, shedding light on the redundancy of 
multiheme enzymes in anammox bacteria and on the tight intracellular control ' ^ 5 ^ 
of reactive nitrogen species 
Experimental Procedures 
Purification of kustcio6i 
All chemicals were purchased from Sigma (Sigma-Aldrich, St. Louis, USA), 98% 
pure H2'5N-',NH2 from Cambridge Isotope Laboratories (Cambridge, UK) and 
99% pure 15ΝΗ2θΗ from Isotec (Miamisburg, USA). HPLC grade chemicals were 
obtained from Baker (Phillipsburg, USA). 
K. stuttgartiensis was grown as planktonic cells in a membrane bioreactor (Kartal 
et al. 2010). All steps excluding cell disruption and FPLC were carried out at 
4 0C. Cells were collected by centrifuging effluent (4L, OD6oo=i) at 8,ooog for 
15 minutes. The pellet was resuspended in 5 mL 20 mM potassium phosphate 
buffer (KPi) pH 7 and cells were disrupted 3X by French Press at 138 MPa. The 
lysate was incubated for 1 hour with 1% (w/v) sodium deoxycholate on a rotating 
incubator (20 rpm). After incubation, cell debris was removed by centrifugation 
for 15 minutes, 3,000g. The supernatant was subsequently centrifuged for 1 hour 
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at 150,000g in an ultracentrifuge (Discovery 100, equipped with a T-1270 rotor, 
Sorvall, Newtown, USA). Crude extract was obtained as an intense dark red 
supernatant. An AKTApurifier (GE Healthcare, Uppsala, Sweden) was used for 
all FPLC separations. Eluate was monitored at 280 nm. Crude extract was loaded 
onto a 30-mL column packed with Q Sepharose XL (GE Healthcare, Uppsala, 
Sweden), which was equilibrated with 2 column volumes of 20 mM Tris/HCl 
buffer pH 8. After washing the column with 2 column volumes of 20 mM Tris/HCl 
buffer pH 8 to remove non-binding proteins, a hydroxylamine oxidizing fraction 
was eluted with 200 mM NaCl in 20 mM Tris/HCl buffer pH 8 isocratically (flow 
rate 2 mL-min ', collected in 2-mL fractions). Ten bright red hydroxylamine 
oxidizing fractions (20 mL) were pooled, desalted (see analytical procedures) and 
concentrated to 5 mL and loaded onto a 10-mL column packed with Ceramic 
Hydroxyapatite (Bio-Rad, Hercules, USA), which was equilibrated in 5 column 
volumes 20 mM KPi pH 7. Kustcioói was eluted in 80 mM KPi pH 7 by applying 
a 60 minute linear gradient from 20 to 500 mM KPi pH 7 (flowrate 2 mL-min ', 
collected in 2-mL fractions). Fractions were desalted and concentrated in 100 
kDa molecular weight cut-off spinfilters (Vivaspin 20, Sartorius Stedim Biotech, 
Aubagne, France). Fractions were routinely analyzed by non-denaturing PAGE, 
SDS-PAGE (Laemmli 1970) and MALDI-TOF MS (see analytical procedures). 
Activity assays 
All assays were prepared in glass cuvettes or exetainers (Labco, High Wycombe, 
UK) in an anaerobic glove-box (95%/50/o ΑΓ/Η2 atmosphere. O2 was removed by 
passing the gas mixture over a Pd catalyst, resulting in <o.2ppm residual O2), 
closed with a rubber stopper and carried out at 37 "C. Assays in the oxidative 
direction were performed with bovine cytochrome c as artificial electron acceptor. 
The reaction mixture, containing 50 μΜ cytochrome c and an appropriate 
amount of enzyme in 1 mL 20 mM KPi pH 7, was monitored for 1 minute at 
550 nm in a Gary 50 spectrophotometer (Agilent, Santa Clara, USA), after which 
the reaction was started by adding substrates (hydroxylamine or hydrazine) 
from anoxic stock solutions (1 mM). Potential inhibitors (90 μΜ nitric oxide, 5 
mM phenyl hydrazine) were added prior to enzyme addition. Nitric oxide was 
added from a 0.9 mM stock solution in 20 mM KPi pH 7, which was obtained 
by sparging anoxic 20 mM KPi pH 7 with 50%He-50%N0 for ten minutes. For 
reduction assays, a partly reduced cytochrome c pool was used as electron donor. 
A solution containing 50 μΜ of cytochrome c was mixed with 20 μΜ ascorbic 
acid, resulting in a mixture of 40 μΜ reduced and 10 μΜ oxidized cytochrome 
c. Nitrite reduction was measured using 1 mM methylviologen as electron donor. 
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Methylviologen was partly reduced in the glove-box by passing the solution over 
solid Zn particles on filter paper in a glass funnel. The Zn particles were washed 
with ι mM HCl and subsequently neutralized with 20 mM KPi pH 7 prior to 
methylviologen reduction. This resulted in OD6oo=i.o, which corresponds to 73 
μΜ of methylviologen monocation radical (ε6οο=ΐ3·7 mM '-cm ' (Watanabe and 
Honda 1982)). The reaction was started by addition of enzyme and monitored 
at 600 nm inside the anaerobic chamber. Slopes of the assays were determined 
using Gary 50 software package, non-linear regression analysis was performed 
in Origin 8.5.1 using the Michaelis-Menten equation (OriginLab Corporation, 
Northampton, USA). Assays for headspace analysis were performed in 3-mL 
exetainers with 15N-labeled hydroxylamine (10 μΜ) and lsN-labeled hydrazine 
(7.5 μΜ) in 2 mL volumes with a 1 mL headspace of 2 atm. Pressure was applied 
by addition of 1 mL Ag after closing the exetainer. Assays were incubated inside 
the glove-box at 370G and 50 μΐ, headspace samples were taken and analysed by 
GC-MS for l5N=15N and 15NO production (see analytical procedures) at regular 
intervals. «T'lha 
Ultraviolet to visible light (UV-VIS) spectroscopy & 
Protein Film Electrochemistry (PFE) 
UV-VIS spectra were recorded in i-mL quartz cuvettes, 1 cm path length, 
containing 80 μg•mL1 kustcioói in 20 mM KPi pH 7, using a Gary 50 
spectrophotometer (Agilent, Santa Clara, USA). Reduced spectra were obtained 
by addition of an appropriate amount of dithionite crystals directly to the cuvette. 
Spectra in the presence of substrates were obtained by incubating the protein in 
100 μΜ substrate (5 mM for phenyl hydrazine) for ten minutes. NO was added as 
100 μι NO-saturated 20 mM KPi pH 7 which was obtained by sparging anaerobic 
buffer with a 50% NO - 50% He gas mixture for 10 minutes. This resulted in a 
final NO concentration of 90 μΜ in the cuvette. 
Heme midpoint potentials were measured at 4 0C under anaerobic conditions 
using an optically transparent Sn02 electrode (Marritt et al. 2008), consisting of 
a mesoporous, nanocrystalline layer of Sn02 coated onto a glass slide (Astuti et 
al. 2004), generously provided by prof. James Durrant, Imperial College, London. 
The electrode (-0.7 cm2, effective surface area approximately 200 cm2 due to 
nanocrystalline structure) was coated by covering it with 5 μΐ, of 3.5 mg-mL ' 
kustcioói in 20 mM KPi pH 7 and incubation on ice for 10 minutes. The effective 
protein concentration on the electrode, assuming a 4-μΓη pathlength (Astuti 
et al. 2004) was 4.5 mg-mL '. After removal of excess protein, the electrode was 
m 
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rinsed with 50 mM MOPS pH 7 and placed in an anaerobic 3-mL quartz cuvette, 
i-cm pathlength, filled with 50 mM MOPS pH 7 at a 900 angle to the light 
path. A platinum wire was used as counter electrode and an AgCl-coated silver 
wire served as reference electrode (iO'=+400 mV). The cuvette was placed in a 
spectrophotometer and connected to a potentiostat (PGSTAT20, Autolab, Utrecht, 
The Netherlands). After setting the potential to a desired value (between -600 mV 
and +400 mV, in 20 mV steps), the UV-VIS spectrum was recorded between 330 
and 800 nm (V650, Jasco Analytical Instruments, Haston, USA). The experiment 
was repeated five times, using 20 mV steps. Ihe reference electrode was calibrated 
by cyclic voltammetry of imM potassium ferricyanide in 50 mM MOPS pH 7. 
The reduction potential of this sample was measured in a conventional three-
electrode cell with an Ag/AgCl saturated KCl reference electrode (Radiometer, 
Copenhagen, Denmark) to allow potentials in the cuvette to be converted to 
values versus standard hydrogen electrode (SHE). 
At optical maxima corresponding to c-type hemes (551 and 418 nm) and to 
heme P468 (468 nm), the absorbance values normalized to 1 were plotted against 
potential and fitted to the Nernst equation by eye using Microsoft Office Excel 
2010. At 551 nm and 418 nm, a seven-component Nernst equation was fitted, with 
the assumption that all hemes contributed equally to the spectrum. 
Crystallographic procedures 
All crystallographic procedures, including crystallization, X-ray diffraction 
and determination and interpretation of the structure, were carried out by Dr. 
Thomas Barends and Andreas Dietl MSc. at the Max Planck Insitute for Medical 
Research in Heidelberg, Germany. Kustcioói was concentrated to Α2βο=2θ, d=i.o 
cm in 25 mM HEPES, pH 7 with 25 mM KCl. Crystals were obtained in two 
different buffers. Thick needle-shaped crystals grew in 1.0-1.3 M ammonium 
sulfate and 0.05-0.1 M sodium phosphate buffer, pH 7.4 to a maximum size of 
700 χ 90 χ 90 μπι within one week. Rhombic dodecahedra appeared in a precipitant 
solution containing 1.3 M ammonium sulfate, 0.05-0.1 M sodium phosphate 
buffer, pH 7.4 and 35 mM cyclohexylbutanoyl-N-hydroxyethylglucamide. These 
crystals appeared in one day and reached their final size of 100 xioo χ loo μηι 
after three days. Crystals for X-ray diffraction analysis were obtained using the 
vapour-diffusion hanging-drop technique by mixing 1-2 μ ι protein solution 
with 1-2 μΕ of reservoir solution in a 1:1 ratio on cover slips and equilibrating 
against a reservoir containing 800 μΕ precipitant solution in 6x4 Linbro plates 
(ICN Biomedicals Inc., Aurora, Ohio, USA) at 20 0 C. For cryoprotection, crystals 
were passed through cryoprotectant solutions consisting of an artificial mother 
46 
A novel multiheme hydroxylamine dehydrogenase that produces nitric oxide 
liquor containing 25% (v/v) ethylene glycol or 30% (w/v) sucrose for approx. 
1-5 min and were then flash-cooled in liquid nitrogen. For the preparation of 
substrate or inhibitor complexes, crystals were soaked in cryoprotectant solution 
containing 25% (v/v) ethylene glycol mixed with the appropriate reagents (final 
concentrations: 100 mM hydroxylammonium chloride, 5 mM hydrazinium 
sulfate, 50 mM Phenylhydrazine) for 5-30 min at room temperature. Detailed 
information on X-ray diffraction and structure determination can be found in 
(Dietl 2011). Figures 3.4-3.8 were kindly provided by dr. Thomas Barends and 
Andreas Dietl MSc. See Supplementary Table 3.1 for detailed crystallographic 
data. 
Analytical procedures 
Proteins were identified from Polyacrylamide gels by MALDI-TOF spectrometry 
in a Bruker III mass spectrometer, using the reflectron mode. Samples were 
prepared for MALDI-TOF as described previously (Farhoud et al. 2005). The 
spectrum was analyzed using the Mascot Peptide Mass Fingerprint search 
program (Matrix Science) against the K. stuttgartiensis protein database, using 
oxidation (M) as variable modification, 0.2 Da peptide tolerance and maximum 
1 missed cleavage. Signal peptide occurrence and cleavage site were predicted 
by SignalP 4.0 (Petersen et al. 2011). l5N=15N and 15NO production in the 1 mL 
headspace was monitored by gas chromatography (Agilent 6890 equipped with a 
Porapak Q column at 80 0C) combined with a mass spectrometer (Agilent 5975c 
quadruple inert MS). Protein concentrations were determined with the Bio-Rad 
protein assay (Bio-Rad, Hercules, USA), based on the Bradford method (Bradford 
1976). Protein samples were desalted by washing with at least 10 volumes of 20 
mM KPi pH 7 in a 100 kDa molecular weight cut-off spinfilter (Vivaspin 20, 
Sartorius Stedim Biotech, Aubagne, France). Ammonium, for the investigation 
of hydroxylamine disproportionation (Pacheco et al. 2011) was measured as 
described previously (Weatherburn 1967). 
TABLE 3 1 
! Purification of kustcl06l based on cytochrome c reduction rates with 100 μΜ hydroxylamine. 
Crude extract 
Q sepharose XL 
Hydroxyapatite 
[protein] 
(mg-mL1) 
53 
15 
2.6 
volume 
(mL) 
10 
2 0 
12 
total 
protein 
(mg) 
530 
3 0 0 
31 
total activity 
(gmofmin 1 ) 
477 
4 2 0 
ISO 
specific activity 
(pmolmin ' m g 
protein'1) 
0.9 
1-4 
4-8 
yield (%) 
1 0 0 
88 
31 
purity 
(-fold) 
1 
1.6 
5 3 
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Results 
Kustcio6i is a novel multiheme protein 
'Ihe kustcioói amino acid sequence is 25% similar to NeHAO, 87% to a 
multiheme protein from KSU-i (Shimamura et al. 2008), 47% to the hypothetical 
K. stuttgartiensis protein kustaoo43 and 49% and 43% to two hypothetical 
octaheme proteins from the marine anammox bacterium Scalindua profunda: 
scali3i7C and scalo4i33c) respectively (Van de Vossenberg et al. 2012). An 
alignment of these sequences (Supplementary Figure 3.1) shows that the heme-
binding sites (CXXCH) as well as their distal histidine ligands are well conserved. 
Other conserved features are the C-terminal tyrosine (Y451) which covalently 
links the subunits in NeHAO, and residues near the active site in NeHAO (D262, 
H263 and Y320). Exceptions to the last observation are scalo4i33c (which lacks 
D262 and H263) and kustaoo43 (which lacks Y320). Compared to NeHAO, 
kustcioói and the KSU-i HAO both have a 2 amino acid deletion preceding T318, 
which has a profound effect on the positioning of Y320 in kustcioói (see below). 
This deletion is accompanied by the presence of M323 in all anammox sequences. 
Furthermore, four conserved deletions (K148-K149, G165-N166, A192-G193 and 
K292-K293) in the anammox proteins are the main reason for the difference in 
size between NeHAO (66 kDa) and kustcio6i (61.5 kDa). 
Kustcio6i is a covalently bound trimer of octaheme subunits 
After separating crude extract (50-100 mg protein-mL ') on two different types 
of FPLC columns, a bright red fraction was obtained. Based on hydroxylamine 
oxidizing activity, the enzyme was purified 5.3-fold with a yield of 31% (Table 3.1). 
Both numbers are underestimates since hydrazine synthase oxidizes 
hydroxylamine ataspecific activity of 1.3 μπιοΐ-ιτιίη '-mgprotein ' and is separated 
from kustcioói in the last step. The enzyme was purified to homogeneity, as was 
indicated by a symmetrical peak on a hydroxyapatite chromatogram and a single 
band on a non-denaturing Polyacrylamide gel (Figure 3.1A). Under denaturing 
conditions the protein resolved as multiple high molecular weight bands and 
as a band of 61.5 kDa (Figure 3.1B). This is consistent with a 56.5 kDa protein 
(predicted molecular weight) containing 8 heme groups. MALDI-TOF mass 
spectrometry on a tryptic digest of this complex showed that the protein was 
encoded by open reading frame kustcioói (accession number: CAJ71806), which 
is annotated as an octaheme hydroxylamine oxidoreductase-like protein (Strous 
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> 480 kDa 
242 kDa 
146 kDa 
66 kDa 
230 kDa 
130 kDa 
95 kDa 
72 kDa 
56 kDa 
36 kDa 
28 kDa 
FIGURE 3.1 
Polyacrylamide (PA) gel 
electrophoresis ofkustcio6i 
under native conditions (A, 
7% PA) and denatured (B, 10% 
PA). Left lanes represent the 
sample, right lanes represent 
marker mixtures. Subunlts are 
covalently linked as evidenced 
by the presence of several high 
molecular weight bands under 
denaturing conditions. A faint 
band at 61.5 kDa represents 
kustcio6i monomer. 
et al. 2006). Mowse identification scores [-'"logip), where ρ is the probability that 
the observed match is a random event (Pappin et al. 1993)] were higher than fifty; 
12 out of 43 predicted peptides were detected. The predicted 2541 Da peptide 
containing Y451 was never observed in MALDI-TOF spectra, neither were 
peptides containing the CXXCH motif. 
Kustcio6i oxidizes hydroxylamine to nitric oxide 
In activity assays with oxidized bovine cytochrome c as artificial electron acceptor, 
the protein catalyzed the oxidation of both hydroxylamine and hydrazine. 
Using non-linear regression analysis, the kinetic parameters for hydroxylamine 
and hydrazine under experimental conditions (pH 7, 370C) were calculated to 
be Vr
mai=4.8 ± 0.2 μιηοΐ-ηΰη '-mg protein
1
, .^=4.4 ± 0.9 μΜ and ^
max
=i.6 ± 0.0 
μιηοΐ-ηύη'1-!^ protein1, ^M=54 ± 3-3 μΜ, respectively. The catalytic efficiency 
for hydroxylamine was found to be 34-fold higher than for hydrazine, suggesting 
hydroxylamine oxidation to be the physiological role of kustcioöi (Table 3.3), 
which was also observed for multiheme proteins isolated from B. anammoxidans 
and KSU-i (Schalk et al. 2000, Shimamura et al. 2008). 
By following the reduction of 50 μΜ cytochrome c at 550 nm 
(ε
 o
= 19,600 M'^an'1) with limiting concentrations of substrate (max. 10 μΜ) 
to completion, hydroxylamine was oxidized with a three-electron stoichiometry 
(3.0 ± 0.2, «=8) and hydrazine with a four electron stoichiometry (Figure 3.2A). 
This suggests NO and dinitrogen gas to be the end products. Experiments with 
20 nmol of 15N-labeled hydroxylamine and 15 nmol of 15N-labeled hydrazine 
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FIGURE 3-2 
A: Cytochrome c reduction assay ofkustcio6i with 50 μΜ oxidized cytochrome c and 10 μΜ substrate. 
Dashed section indicates the addition of 6 fig purified kustcloSl. Secondary Y-axis is based on the 
molar extinction coefficient of cytochrome c. B: Production of 15N='SN dinitrogen gas from 15 nmol 
•
sN-labeled hydrazine (N^N-'WHi). 
revealed that these compounds were stoichiometrically converted to nitric 
oxide (19.2 ± 0.5 nmol, «=5) and dinitrogen gas (Figure 3.2B), respectively. Since 
hydroxylamine oxidation to nitric oxide is a dehydrogenation with (presumably) 
a cytochrome as electron acceptor, we propose that kustcioói is a hydroxylamine 
dehydrogenase (HXD). Hydroxylamine disproportionation to ammonium and 
either nitric oxide, nitrite, nitrous oxide or dinitrogen gas was not observed 
(Pacheco et al. 2011). Kustcioói was not inhibited by 90 μΜ nitric oxide. Phenyl 
hydrazine (5 mM, incubated for 10 minutes) did not inhibit the protein, contrary 
to what was previously reported for NeHAO (Logan and Hooper 1995). It should 
however be noted that overnight incubations with phenyl hydrazine did result in 
a partially reduced spectrum and phenyl hydrazine soaked crystals did contain a 
covalently bound phenyl group to heme P^e (see below). 
Kustcio6i has a low-potential Pass chromophore 
The UV-visible absorption spectrum of ferrous, dithionite-reduced kustcioói 
was highly similar to that of HAO-like proteins previously purified from 
anammox bacteria (Schalk et al. 2000, Shimamura et al. 2008, Shimamura et 
al. 2007), containing peaks at 418 nm (Soret band), 523 nm (beta band), 552 nm 
(alpha band) and 468 nm (Ρίββ)) corresponding to the P460 chromophore found in 
NeHAO (Figure 3.3A). Upon addition of hydrazine or hydroxylamine, part of the 
c-type hemes got reduced as indicated by a double Soret peak and an increase in 
absorptivity of alpha and beta bands. Compared to spectra obtained from PFE 
(see below), substrate addition results in the reduction of two c-type hemes. 
The accompanying two-electron oxidation of the substrate would lead to 
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an enzyme-bound intermediate at the oxidation level of nitroxyl (HNO) for 
hydroxylamine and diazene (N2H2) for hydrazine. Phenyl hydrazine partially 
reduced the spectrum after overnight incubation. Nitric oxide (90 μΜ) did not 
have an effect on the oxidized spectrum. The addition of 90 μΜ nitric oxide to 
reduced kustcioói resulted in a fully oxidized spectrum. 
The optical response of the protein to potentials varying between +400 mV and 
-600 mV vs. SHE was assessed by an optically transparent Sn02 electrode. A fully 
reduced spectrum was obtained at -600 mV, which was completely oxidized at 
-100 mV, indicating that the hemes were interacting with the electrode and have 
their midpoint potentials within this range (Figure 3.3B). At 418 and 551 nm, 
corresponding to the Soret peak and the beta band of the seven c-type hemes 
respectively, the absorption showed Nernstian dependence on seven subsequent 
1.0 electron reductions at midpoint potentials ranging from £0 = -10 ± 15 mV to 
£0- -410 ± 15 mV (Figures 3.3CDEF and Table 3.2). Absorption at 468 nm, which 
is indicative for the electrochemical properties of the catalytic heme, fitted a 1.0 
electron Nernst curve, with a midpoint potential at £0= -300 ± 15 mV. 
The values deviating from the fitting curve above 200 mV vs. SHE can be 
attributed to contribution from the c-type hemes (Figure 3.3GH and Table 3.2). 
Reduction and oxidation were reproducible and reversible over at least five 
redox cycles. The midpoint potentials were on average 100 mV lower than those 
reported for NeHAO (Collins et al. 1993) (Table 3.2). The only exceptions are the 
catalytic heme, with a midpoint potential of £0= -300 ± 15 mV (kustcioói) vs. 
£0'= -260 mV (NeHAO) and a high potential heme in NeHAO (£0= +280 mV), 
which is absent in kustcioói. 
TABLE 3.2 
Comparison of midpoint reduction potentials of kustcio6i hemes with WeHAO hemes, as deduced 
from fitting the optical spectropotentiometrical data to the Nernst equation. Heme numbers of 
WeHAO refer to the numbering in Supplementary Figure 3.1. 
c-type hemes 
catalytic heme 
reference 
KustcioBi 
£m vs. SHE (mV) 
-10 
-50 
-160 
-280 
-320 
-360 
-410 
-300 
this chapter 
WeHAO 
£mvs.SHE(mV) 
288 
11 
-10 
-162 
-192 
-265 
-412 
Assigned to heme # 
2 
3 
8 
7 
1 
5 
6 
-260 
{Collinsetcr/. 1993, Ku rnikov et 0/. 2005) 
FIGURE 2.3 
A: UV'VIS spectra of air-oxidized 
(solid line), dithionite reduced 
(short dashes), hydrazine reduced 
(long dashes) and hydroxylamine 
reduced (alternating long and 
short dashes) kustcio6i. 
B: Full spectra of the oxidative 
titration from -490 mVto +230 
m y vs. SHE in 20 mV steps. 
C: Detailed spectrum of the Soret 
peak. 
D: Signal at 418 nm normalized 
to 1, plotted against potential. 
Squares represent experimental 
values; solid line is a 7 electron 
Nernstionftt. 
A 
^ 
— 
Β 
S 
Ο Vi 
-c 
< 
c 
s 
< i 
1 
< 
1 2 
1 0 
I IS 
0.6 
0 4 
0 2 
0.0 
0 4 
0.3 
0,2 
0 1 
0.0 
-0.1 
-
•' '. 
dithionite Λ • 
l*^^' - NvJ^M 
^ ^ > ~ ^ - ^ _ 
400 600 
Wavelength (nm) 
• 
•' ^ 
_ ^ > g j \ 
r^ / \. \ 
- ^ ^ 
• 
400 410 420 430 440 450 
Wavelength (nm) 
Β 0 . 4 . 
S 0 . 3 
io.2 
1 |o.i 
< 
0.0 
-0.1 
D 
1.0 
8 0.8 
β 
| 0 , 6 
g 0.4 
| 0.2 
0.0 
Ά 
i 
/ J 
• 
400 
S. 
Λ 
,
 i . 
^~^ 
600 
Wavelength (nm) 
L 
\ 
N ^ 
>v 
i l · -
-06 -0.4 -0,2 0,0 0,2 
Potemial vs, SHE (V) 
800 
* 
0,4 
FIGURE 2.3 
E: Detailed spectrum of alpha 
and beta bands. 
F: Signal atssi nm normalized 
to 1, plotted against potential. 
Squares represent experimental 
values; solid line is a 7 electron 
Nernstian fit. 
G: Detailed spectrum of heme 
PASS signal. 
H: Signal at 468 nm normalized 
to 1, plotted against potential. 
Squares represent experimental 
values; solid line is a 1 electron 
Nernstian fit. 
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The 1.8 Angstrom-resolution crystal structure ofkustcio6i 
The model included 497 residues, leaving only three residues unresolved; one 
N-terminal residue (E37) and two C-terminal residues (H535 and H536). Although 
they share only 25% sequence identity, the structural fold of kustcioói resembles 
that of AfeHAO (Igarashi et al. 1997) with a highly conserved central part having 
almost identical heme arrangements (Figure 3.6A) and more deviating N- and 
C-termini. To discern between these portions, the kustcioói monomer can be 
divided into four domains: Ni (G38-G80), N2 (P81-H263), central (D264-G484) 
and C-terminal (L485-I534) (Figure 3.4AB). The positioning of Ni relative to the 
rest of the monomer is dramatically shifted with respect to the same portion in 
NeHAO. In iVeHAO it is folded to interact with the rest of the same monomer, 
whereas it extends outwards in kustcioói to interact with the adjacent subunit. 
N2 is a collection often short alpha helices, and accommodates five bis-his-ligated 
non-catalytic hemes (hemes 1-3, 5 and 6) and the catalytic heme. It is similar to 
the N2 portion in NeHAO, except for a deletion of two alpha helices. The central 
domain is dominated by a bundle of three long α-helices, as it is in NeHAO. The 
helix consisting of residues S445 to G484 is interrupted by a 5 amino acid loop 
which contains Y451; the covalent crosslinker. In NeHAO, a similar loop is present, 
but it is induced by a proline. Furthermore, the central domain accommodates 
the remaining two non-catalytic hemes: Hemes 7 and 8. Lastly, the C-terminal 
FIGURE 3.4 
Comparison ofKustcloSl and NeHAO monomers. A: KustcioSi monomer, coloured by domain (see 
text). Cyan: Ni-domain; blue: N2-domain; green: central domain; orange: C-terminal domain. B: 
NeHAO monomer, showing the different coordination of the Ni domain. Magenta: Nl-domain; blue: 
N2-domain; green: central domain. 
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Subunit 3 
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FIGURE 3.5 
Complex composition of the kustcioBl trimer. 
The Ni domain is folded around the adjacent 
subunit. 
domain is folded back towards the base 
of the monomer, as is the case with Ni of 
NeHAO, of which the structural model 
misses 47 C-terminal residues. 
The full complex is a tulip-bulb-shaped 
trimer with three-fold rotational 
symmetry surrounding a water-filled 
cavity along the axis (Figure 3.5). As 
in NeHAO, the bis-his-ligated hemes 
formed a ring-like structure with the 
three catalytic hemes laying adjacent 
to the ring, suggesting an electron 
transferring pathway ending at a 
solvent-exposed heme (Figure 3.6C). In 
NeHAO, this circular arrangement has 
been proposed to facilitate electron-
transfer between subunits (Kostera et al. 
2010). Tbe hemes are arranged in a pair-
wise manner (Figure 3.6B), which has 
been suggested to be related to pairwise 
electron transfer, since two electrons 
have to be simultaneously extracted 
and from the substrates and relayed to 
the redox partner (Igarashi et al. 1997, 
Figure 3.9). 
The catalytic heme was highly ruffled, 
had two covalent bonds with Y451 from 
the adjacent subunit (C-C and C-O, as 
indicated by 1.50 and 1.47 Â distances, 
respectively) and with C223 and C226, 
and was distally ligated by a water 
molecule (Figure 3.7). This contrasts 
with what was found for NeHAO, which 
was reported to have only one covalent 
C-C bond. This heme is responsible for 
an increased optical absorptivity at 468 
nm in its reduced state and hence called 
P468. The catalytic site is formed by heme 
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P468 and D262, H263 and M323. The conserved DH couple might be involved in 
proton abstraction, as was proposed for NeHAO. The third residue involved in 
catalysis in NeHAO is a tyrosine, which is conserved in kustcioói as Y320. M323 
replaces Y320, which is well conserved, but too far away (9Â) from the active site 
to still be involved in catalysis because of a 2 amino acid contraction preceding 
T318. 
Resolved structures from substrate-soaked crystals show the ruffled, penta 
coordinatedhemeto be thesubstrate binding site (Figure 3.8ABC). Hydroxylamine, 
hydrazine and phenyl hydrazine replaced water as second axial ligand. In both 
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FIGURE 3.7 
Catalytic site ofkustcloSi, with the ruffled Ptet heme as his-water ligated substrate binding site. 
Colour coding discerns the two adjacent subunits, red orbs represent water molecules. Atom colour 
coding: Red is oxygen, blue is nitrogen, orange is iron and yellow is sulfur. 
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FIGURE 3.8 
A: Active site after soaking in hydroxylamine. Combined with data from UV-VIS spectroscopy, the 
molecule is probably either iron-bound nitroxyl (HNO) or (FeNOf. B: Active site after soaking with 
hydrazine. Taking into account data from UV-VIS spectroscopy, this molecule is possibly iron-bound 
diazene (N2H2I. C: Active site after soaking with Phenylhydrazine, showing a benzene-ring covalently 
bound to the p4sa iron. Red and green are ±30 Fa-Fcdensity, showing extensive rearrangements of the 
D262 and H263 residues. This hints at a high flexibility of the loop containing the DH-couple, which is 
needed to accomodate for the relatively voluminous benzene ring. 
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hydroxylamine- and hydrazine-soaked structures (2.2Â- and i.gÂ-resolutions 
respectively), a diatomic molecule ligated to the Fe-atom of heme P468 was 
observed within hydrogen-bonding distances to the proposed catalytic residues 
D262 and H263. The ligation of this diatomic molecule to the Fe-atom had a bent 
conformation. This bent structure is consistent with a hydroxylamine or nitroxyl 
adduct in the case of hydroxylamine and with a diazene or dinitrogen adduct in 
the case of hydrazine. In the phenyl hydrazine-soaked crystal (2.1Â-resolution), 
a benzene ring was found to be bound by an unusual Fe-C bond to the P46e Fe-
atom. Activity assays suggested that this covalent bond remains untouched by the 
enzyme, giving a mechanistic explanation for phenyl hydrazine being a suicide 
substrate (Logan and Hooper 1995). 
Discussion 
NeHAO catalyzes the 4-electron oxidation of hydroxylamine to nitrite [equation 
(3.1)]. This reaction involves the abstraction of five protons, four electrons and is 
accompanied by the addition of a water molecule to provide for a second oxygen 
atom. 
Eq.3.1 NH2OH + H20 -> N02-+5H+ + 4e 
Eq.3.2 NH2OH ^ NO + 3H+ + 3e-
Eq.3.3 N2H4 -> N2 + 4H+ + 4e 
Kustcioói catalyzes two reactions that both involve binding of a diatomic 
nitrogenous compound followed by proton and electron abstraction [equations 
(32, 3.3)]. In both hydroxylamine and hydrazine conversion, the oxidized 
and dehydrogenated diatomic backbone is released from the active site. The 
main difference between the hydroxylamine oxidation reactions catalyzed by 
kustcioói and NeHAO is the formed product. Whereas NO is released from 
the active site in kustcioói, it remains bound and undergoes an additional 
oxidation step in NeHAO. Equation (3.3) is catalyzed by both enzymes, albeit at 
lower catalytic efficiencies (Table 3.3). Becauce the dehydrogenation reaction in 
equation (3.2) is distinct from the reaction catalyzed by NeHAO [equation (3.1)], 
we propose the name hydroxylamine dehydrogenase (HXD) for the product of 
gene kustcioói. Comparison of equation 3.2 to the hypothetical mechanism of 
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NeHAO (Fernandez et al. 2008) allows for postulating a hypothetical catalytic 
mechanism of HXD (Figure 3.9). After binding of hydroxylamine to ferric 
heme P468. abstraction of two electrons and protons leads to the formation of 
Fe(III)-HNO. Subsequently, a third proton is abstracted to form the {FeNO}7 
complex [Enemark-Feltham notation (Enemark and Feltham 1974)]. After a last 
oxidative step of one electron, nitric oxide is released and the enzyme returns 
to the resting state. As ferrous heme c forms a very stable complex with NO, we 
propose NO to be released from the Fe(III)-»NO resonance structure. In NeHAO, 
catalysis proceeds by the addition of water to the {FeNO}6 structure, finally 
leading to Fe(II)-N02. Subsequently, nitrite is released from ferrous heme, after 
which it is replaced by water and the heme is oxidized to return to the resting 
state. 
The differences in the active site architecture are the most plausible reasons 
for the different catalyzed reactions. In HXD, a methionine (M323, Figure 3.7) 
is present in the active site, replacing the tyrosine proposed to be involved in 
catalysis in NeHAO [Y334, (Igarashi et al. 1997)]. Additionally, Y451 has two 
covalent bonds with the catalytic heme in kustcioói, while the same tyrosine in 
NeHAO was reported to have only one covalent bond. As nitric oxide is released 
from the HXD active site, either the presence of a second covalent bond between 
Y451 and heme P468, or the replacement in the active site of Y320 with M323, is 
involved in prevention of forming the highly stable Fe(II)-+NO complex (Figure 
3.9). Proteins that do make the transition between Fe(III)-»NO and Fe(II)-+NO 
[NeHAO (Fernandez et al. 2008, Igarashi et al. 1997), pentaheme nitrite reductase 
(Einsle et al. 2002, Einsle et al. 1999, Einsle et al. 2000) and octaheme nitrite 
reductase (Polyakov et al. 2009)], all have a tyrosine in the active site and all 
have to either add or remove water to or from the active site, in contrast to 
HXD. This possibly implies a role in water coordination for the tyrosine residue. 
An important role for the tyrosine-replacing methionine is suggested by its 
conservation in all anammox NeHAO-like proteins that have a 2 amino acid 
contraction which removes Y320 from the active site. Possibly, this methionine 
is involved in releasing NO from the catalytic heme. The complete absence of 
Y320 in the paralogue kustaoo43 suggests that, once removed from the active 
site, it becomes redundant. Alternatively, the second covalent bond between Y451 
and Rjee might play a role in NO release. The nitric oxide producing cdi-type 
nitrite reductase catalyses nitrite reduction at the i/i-type heme (Fülöp et al. 1995). 
NO is released from the reduced heme, which has been proposed to be mainly 
facilitated by the partially saturated heme di ring structure and the presence of 
two electron-withdrawing carbonyl groups (Rinaldo et al. 2011). 
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Muliiheme protein complexes of anaerobic ammonium-oxidizing bacteria 
Enzyme kinetics strongly suggests the physiological role of HXD to be 
hydroxylamine oxidation: Κ IK is 34X higher for hydroxylamine than for 
hydrazine (Table 3.3). 'ihis difference in catalytic activities is observed in the 
orthologues from B. anammoxidans and KSU-i as well. Although hydroxylamine 
is no longer considered to be an essential anammox intermediate (Kartal et al. 
2011b), the most plausible candidate for the physiological hydrazine oxidizing 
enzyme (kustco694) is severely inhibited by hydroxylamine. This is reflected 
in the accumulation of intermediary hydrazine upon incubation of anammox 
bacteria in the presence of hydroxylamine (Kartal el al. 2008, van der Star et 
al. 2008). To prevent loss of hydrazine from the cell, safeguarding kustco694 
from inhibitory hydroxylamine is of vital importance to cellular respiration. 
Although the produced nitric oxide is inhibitory to kustco694 as well, it serves as 
a substrate to hydrazine synthase (HZS) (Kartal et al. 2011b). Moreover, whole 
cells are not inhibited by NO, evidencing that NO is a harmless product (Kartal 
et al. 20iob). The most probable source of hydroxylamine would be HZS itself, 
where nitric oxide must be reduced to a nitrogenous compound at the redox level 
of hydroxylamine before it can be condensed with ammonium. 
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FIGURE 3.9 
Hypothetical mechanism of nitric oxide production by kustcioêl (see text). Solid arrows indicate steps 
catalyzed by both kustcio6i and NeHAO. Bold arrow indicates the release of nitric oxide by kustcio6l. 
Dashed arrows indicate steps catalyzed by NeHAO. Reduced hemes are shown in grey. 
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TABLE 3 3 
Kinetics and subunit composition of kustcl06l compared to its characterized orthologues from B. anammoxidans and KSU-l and to WeHAO. Kinetic 
properties are given for mammalian cvtochrome c as electron acceptor. For NO2 reductions, methylviologen was used as electron donor. NR: Not reported. 
species 
Vma> NH2OH (μπηοΙ'ΓηΙη * mg protein ') 
^„NH.OHIs" 1 ) 
KM NH2OH (μΜ) 
KJK» N H j 0 H (S'-HM ') 
Vmn N2H4 (μmol•mιn '-mg protein ') 
Κ „ N2H4 (s-1) 
KM N2H. (μΜ) 
KjKuN2H*[s-l-\tM-1) 
subunit size (kDa) 
total size (kDa) 
subunit composition 
Catalytic heme optical maximum (nm) 
NOj reduction (μΓηοΙ-πηιη '-mg protein *) 
reference 
K. stuttgortiensis 
4.8 
15 
4-4 
3-4 
1.6 
4-9 
54 
0.1 
615 
185 
03 
468 
0.18' 
this chapter 
N. europaea 
28.5 
95 
3 6 
26 
14 
47 
4 
12 
66 
200 
OU 
46O 
6.18» 
(Hooper and Nason 1965, 
Terry and Hooper 1981, 
Kostera et al. 2010) 
KSU-l 
9.6 
19 
33 
O.57 
0.54 
1.1 
25 
O.042 
53 
118 
O j 
468 
NR 
(Shimamura et al. 2008) 
8. anammoxidans 
21 
64 
26 
2 5 
1 1 
3-4 
18 
0.19 
58 
183 
α3 
468 
0.87e 
(Schalk et al. 2000) 
a
 Rate with 0 1 mM nitrite 
»V 
min 
' Rate with 2.5 mM nitrite 
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SUPPLEMENTARY FIGURE 31 
Alignment of anammox kustcio6l homologues to HeHAO Boxed sequences represent heme binding domains, histidines with shaded background are proximal ligands 
Bold M represents translation start site, vertical line is the predicted signal peptide cleavage site Boldface and large f ont size amino acids are discussed in the text 
Underlined sequences were detected by MALDI-TOF MS Numbering in brackets is according to (Igarashi et al 1997), for comparison 
A novel multiheme hydroxylamine dehydrogenase that produces nitric oxide 
SUPPLEMENTARY TABLE 3.1 
Statistics of kustcioSl crystallographic data analyses 
Data set 
Data collection 
Space group 
Uml cell dimensions 
a, b, e (À) 
α, β, γ O 
Wavelength (Â) 
Resolution range (A) ' 
Reflections measured a 
Reflections unique • 
Completeness (%) ' 
Redundancy' 
Ι/σΙ' 
R
™,« (*) •'b 
Refinement 
Resolution range in 
refinement (A) 
Number of reflections 
in 
refinemenl 
KJK-W 
Protein residues 
(no of atoms) 
Ligands (total atoms) 
Water molecules 
Overall B-factor (A2) 
Rmsd bonds (A) 
Rmsd angles (") 
Ramachandran plot ' 
Most favoured (%) 
Additionally allowed 
(%) 
Disallowed (%) 
kuslcioéi 
native 
sucrose cryo 
P^l 
130.0, 130.0, 130.0 
90, 90,90 
0.9785 
30.0-1.80 (1.9-1.8) 
506,944 (76,719)1 
67.791 (lOiOOO)1· 
100.0 (IOO.O)1 
7-5 (7-6)' 
16 8 (4.8)1 
8-4 (38.7)e 
46.0-1.8 
64,44« 
14-3/15-7 
496 (3.979) 
8 heme (344) 
4 PCV (20) 
4C-HEGA-io(48) 
472 
12.7 
0.007 
1.086 
95-6 
4-4 
0.0 
kustcioói 
NH 2OH 
Ρζ,τ 
130.1,130.1,130.1 
90, 90, 90 
1 000 
50.0-2.2 (2.3-2.2) 
248,712(31,748) 
37,460 (4,602) 
99.9 (100.0) 
6.6 (6.9) 
17-3 (4 9) 
7.6 (356) 
46.0-2.20 
35654 
16.7/ 18.7 
496(3,968) 
8 heme (344) 
3 P O . ' (15) 
3 EG (12) 
1 N H 2 O H (2) 
306 
21.9 
0008 
0.961 
95.6 
4-3 
0.0 
kuslcioöi 
N2H4 
P2,3 
130.0, 130.0, 1300 
90, 90, 90 
0.9785 
50.0-1.9 (2.0-1.9) 
771.294(112,274) 
57.737 (8,178) 
100.0 (99 9) 
13 ·4 (13-7) 
19-9 (5 4) 
10.0 (46.4) 
46.0-1.90 
54927 
14-9/ 16.3 
496 (3.968) 
8 heme (344) 
3 PO.' (.5) 
6 EG (24) 
1 H 2N-NH 2 (2) 
1 C-HEGA-10 (12) 
417 
14-7 
0 008 
1.086 
96.3 
3-5 
0.2 
kustcio6i 
Phenylhydrazine 
P2,3 
130.3, 1303,1303 
90, 90, 90 
1 000 
50.0-2.1 (2.2-2.1) 
287,313 (37,738) 
43,164 (5,567) 
99.9 (100.0) 
6.7 (6.8) 
18.0 (3.9) 
7-2 (45-5) 
46.1-2.10 
41094 
18.0/ 19 7 
493 (3,930) 
8 heme (344) 
3 PO,1 (15) 
7 EG (28) 
1 C . H , (6) 
268 
23.6 
0.008 
1.042 
95-3 
4-3 
0.4 
•' Values of the highest resolution shell are given in brackets 
hÄ =£|(/k) i^ \l Σ. Ï/,, , where / is the intensity of a reflection and {Z^—iJ^ is the mean value of that reflection and the summaliori!. are 
overall reflections Η 
4
 Äeiiri=Z|i'ü ƒ• \Ι\.\· (working set, no D cul off applied) R. is calculated the same way as Ä^ .^ but for a reflection lest set with 5% of the 
reflections excluded from refinemenl 
*'Ramachandran analysis was performed using COO I (hmslcyand Cowtan, 2004) 
r
 Considering (-riedel mates as individual reflections 
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An Ν ^ -producing multiheme complex: Hydrazine dehydrogenase 
Chapter 4 
An N2-producing multiheme complex: 
hydrazine dehydrogenase 
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Multiheme protein complexes of anaerobic ammonium-oxidizing bacteria 
Abstract 
Anaerobic ammonium oxidation (anammox) is the respiratory combination of nitrite with ammonium to form dinitrogen gas (N2). The molecular 
mechanism has recently been elucidated and candidate-genes have been proposed 
for each of the biochemical steps. One of these candidates was kustco694, a 
hypothetical octaheme protein which resembled hydroxylamine oxidoreductase 
from Nitrosomonas europaea (NeHAO). Since NeHAO has been reported to 
convert hydrazine (N2H4) to N2, kustco694 was proposed to catalyze this reaction 
in Kuenenia stuttgartiensis. 
In this chapter, kustco694 was purified from K. stuttgartiensis to homogeneity and 
shown to stoichiometrically oxidize N2H4 to N2 at a V of 11 ± ix^mol-min'-mg 
protein ' and a Κ
Μ
 of 10 ± 2.2 μΜ. As the catalytic efficiency for this reaction is 
35Χ higher than that of HXD for the same reaction, we propose kustco694 to be 
the physiological hydrazine dehydrogenase (HDH). Both nitric oxide (NO) and 
hydroxylamine (NH2OH) were potent inhibitors ( Κ Ν 0 = 2.5 ± 0.9 μΜ, κ Ν Η 2 0 " = 
7-9 ± 1.8 μΜ). The protein was a trimer of octaheme subunits and was found to 
harbor a chromophore with an optical maximum at 470 nm in the reduced state, 
hence called P470. It was found to have a redox potential between -355 mV and 
-300 mV. Based on the similarities that kustco694 has with the octaheme enzymes 
hydroxylamine dehydrogenase (HXD), which was isolated from K. stuttgartiensis 
and NeHAO, it can be assumed that this chromophore is the site of substrate 
binding and conversion. Since the complex got partly reduced upon hydrazine 
addition, comparable to a 2-electron reduction in kustcioói, we suggest that the 
catalytic mechanism is a two-step oxidation, similar to the proposed mechanism 
for HXD. In this hypothetical case two consecutive abstractions of two protons 
and two electrons would lead, via the intermediate diazene (N2H2), to the 
production of N2. 
Introduction 
Anaerobic ammonium oxidation (anammox) is the oxidation of ammonium with 
nitrite as terminal electron acceptor to dinitrogen gas carried out by autotrophic 
planctomycetes of the order Brocadiales (Jetten et al. 2010, Jetten et al. 2009). 
Anammox is a globally important process that releases fixed nitrogen back into 
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the atmosphere and is applied for ammonium removal from wastewater (Kartal 
et al. 2010, Kuypers et al. 2005). 
The biochemical pathway consists of three core redox reactions: First, nitrite is 
reduced to nitric oxide by a cdi-type nitrite reductase encoded by open reading 
frame kuste4i36; second, nitric oxide is reduced and condensed with ammonium 
to form hydrazine by a novel hydrazine synthase complex encoded by open 
reading frames kuste2859-286o-286i and the last step is a four electron oxidation 
of hydrazine to dinitrogen gas (Kartal et al. 2011b, Chapter 2). Hydrazine 
oxidation was previously proposed to be carried out by one of the ten octaheme 
enzymes encoded in the genome of Kuenenia stuttgartiensis (Strous et al. 2006). 
These ten octaheme enzymes resemble hydroxylamine oxidoreductase (HAO) of 
aerobic ammonium-oxidizing bacteria, which oxidizes hydroxylamine to nitrite. 
The hydroxylamine oxidoreductase from Nitrosomonas europaea (NeHAO) is a 
well-studied enzyme, known to be able to oxidize hydrazine to dinitrogen gas 
artificially (Hooper et al. 1997, Hooper et al. 2004). It is a covalently bound, 
homotrimeric complex, containing eight heme molecules per subunit. The 
covalent bond linking the subunits together is between a tyrosine and the 
porphyrin ring of a heme group of the adjacent subunit. Of the eight hemes per 
subunit, seven hemes are 6-coordinated, non-catalytic c-type hemes and serve 
to move electrons away from the active site. The active site is a 5-coordinated 
heme with a vacant distal side to bind and convert hydroxylamine. This catalytic 
heme is also the heme that is covalently bound to the tyrosine of the adjacent 
subunit, and absorbs light at 460 nm when reduced, hence called P46o (Arciere 
and Hooper 1993, Arciere et al. 1993, Hooper and Terry 1974). 
Octaheme proteins sharing between 20% and 25% sequence identity with NeHAO 
have been purified from anaerobic ammonium oxidizing biomass before (Schalk 
et al. 2000, Shimamura et al. 2008, Shimamura et al. 2007, Chapter 3). Most of 
them were found to be physiological hydroxylamine oxidizing enzymes, oxidizing 
hydrazine artificially. However, one octaheme enzyme, purified from the 
anammox bacterium KSU-i, was found to oxidize hydrazine exclusively and was 
inhibited by hydroxylamine (Shimamura et al. 2007). These catalytic properties 
led to the suggestion that this hydrazine oxidizing enzyme is the physiological 
hydrazine dehydrogenase (Chapter 2). In this chapter, the K. stuttgartiensis 
orthologue (kustco694) was purified and characterized, strengthening its role as 
the physiological hydrazine dehydrogenase. 
Multiheme protein complexes of anaerobic ammonium-oxidizing bacteria 
Experimental procedures 
Purification of kustco694 
All chemicals were purchased from Sigma (Sigma-Aldrich, St. Louis, USA) unless 
stated otherwise, 98% pure Η2'5Ν-'5ΝΗ2 from Cambridge Isotope Laboratories 
(Cambridge, UK) and HPLC grade chemicals were obtained from Baker 
(Phillipsburg, USA). 
K. stuttgartiensis was grown as planktonic cells in a membrane bioreactor (Kartal 
et al. 201 ia). All steps excluding disruption and FPLC were carried out at 40C. Cells 
were collected by centrifuging effluent (4L, OD6oo=i.o) at 8,ooog for 15 minutes. 
The pellet was resuspended in 5 mL 20 mM potassium phosphate buffer (KPi) 
pH 7 and disrupted 3X by French Press at a maximum pressure of 138 MPa. The 
lysate was incubated for 1 hour with 1% (w/v) sodium deoxycholate on a rotating 
incubator (20 rpm). After incubation, cell debris was removed by centrifugation 
for 15 minutes at 3,000g. The supernatant was subsequently centrifuged for 1 hour 
at 150,000g in an ultracentrifuge (Discovery 100, equipped with a T-1270 rotor, 
Servali, Newtown, USA). Crude extract was obtained as an intense dark red 
supernatant. An ÄKTA purifier (GE Healthcare, Uppsala, Sweden) was used for 
all FPLC separations. Eluate was monitored at 280 nm. Crude extract was loaded 
onto a 30-mL column packed with Q Sepharose XL (GE Healthcare, Uppsala, 
Sweden), which was equilibrated with 2 column volumes of 20 mM Tris/HCl 
buffer pH 8. After washing the column with 2 column volumes to remove non-
binding protein, the column was eluted in three steps of 200, 400 and 1000 mM 
NaCl in 20 mM Tris/HCl buffer pH 8 (flowrate 2 mL-min '; collected in 2-mL 
fractions). Fractions containing hydrazine-oxidizing activity that was inhibited 
by hydroxylamine were collected in the second step (400 mM NaCl in 20 mM Tris/ 
HCl buffer pH 8). Three fractions (6 mL) were pooled, desalted and loaded onto 
a 10 mL column packed with Ceramic Hydroxyapatite (Bio-Rad, Hercules, USA), 
which was equilibrated in 5 column volumes of 20 mM KPi pH 7. Kustco694 was 
eluted isocratically after 3 column volumes (20 mM KPi pH 7; flowrate 2 mL-min ', 
collected in 2-mL fractions) as a broad peak containing 8.4 μιηοΐ-ιτπη 'mg ' 
hydrazine oxidizing activity. Fractions were desalted and concentrated in 100 
kDa molecular weight cut-off spinfilters (vivaspin 20, Sartorius Stedim Biotech, 
Aubagne, France) and routinely inspected by non-denaturing PAGE and SDS-
PAGE (Laemmli 1970) and MALDI-TOF MS (see analytical procedures). 
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Activity assays 
All assays were prepared in glass cuvettes, i-cm pathlength, or exetainers in an 
anaerobic glove-box (95%/5% Ar/H2 atmosphere), closed with a rubber stopper 
and carried out at 370C. Hydrazine oxidation assays were performed with bovine 
cytochrome c as artificial electron acceptor. The reaction mixture, containing 50 
μΜ cytochrome c and 0.65 μg enzyme in 1 mL (1.5 mL for nitric oxide inhibition 
assays) 20 mM KPi pH 7, was monitored for 1 minute at 550 nm in a Gary 50 
spectrophotometer (Agilent, Santa Clara, USA), after which the reaction was 
started by addition of an appropriate amount of He-sparged hydrazinium sulfate 
(Merck, Darmstadt, Germany) stock solution. Inhibitors (1, 10, 50 and 100 μΜ 
hydroxylamine and 3, 6 and 9 μΜ nitric oxide) were added prior to enzyme 
addition. Hydroxylamine was added from a He-sparged hydroxylammonium 
chloride (Merck, Darmstadt, Germany) stock solution. Nitric oxide was added 
from a 0.9 mM stock solution in 20 mM KPi pH 7, which was obtained by 
sparging anoxic 20 mM KPi pH 7 with 5o%He-50%NO for ten minutes. This NO-
solution was directly added to the assays with a 50 μ ι glass syringe. NO inhibition 
assays were carried out in 1.5 mL volumes to minimize headspace volume. For 
reduction assays, a partly reduced cytochrome c pool was used as electron donor. 
A solution containing 50 μΜ of cytochrome c was mixed with 20 μΜ ascorbic 
acid, resulting in a mixture of 40 μΜ reduced and 10 μΜ oxidized cytochrome c. 
Slopes of the assays were determined using the Gary software package, non-linear 
regression analysis was performed by Origin 8.5.1 software using the Michaelis-
Menten equation (OriginLab Corporation, Northampton, USA). Dissociation 
constants of enzyme-inhibitor complexes (Ki) were determined using the 
Michaelis-Menten equation adapted for competitive inhibition. 
Dinitrogen gas measurements were performed in 3 mL exetainers (Labco, High 
Wycombe, UK) using 50 μΜ cytochrome c and 8 μΜ H2'5N-15NH2 (double-
labelled hydrazine) in 2 mL volumes under 1 atm overpressure. Overpressure 
was applied by addition of 1 mL Ar to the headspace. Assays were started by 
addition of 33 ng kustco694 and incubated at 370C in the glove-box. Headspace 
measurements were done by GC-MS (see analytical procedures). 
3 · ^ -3 
Ultra-violet and visible light (UV-VIS) optical absorption spectra 
UV-VIS spectra were recorded in a i-mL quartz cuvette, i-cm path length, 
containing 0.1 mg-mL ' kustco694 in 20 mM KPi pH7, using a Gary 50 
spectrophotometer in the range of 330 nm to 800 nm. Spectra in the presence 
of dithionite were obtained by addition of an appropriate amount of dithionite 
crystals directly to the cuvette. As reduction of the P470 chromophore could 
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not be achieved with dithionite (see results), reduction to lower potentials was 
attempted by using europium(II)chloride chelated by diethylene triamine 
pentaacetic acid (DTPA), theoretical £0= -1 V vs. SHE. The protein sample was 
titrated with a 2omM solution of EuCU in 20 mM HEPES pH 7, 100 mM NaCl 
to a final concentration 0.5 mM, followed by the addition of imM DTPA, from a 
100 mM stock solution in 0.2M NaOH (Vincent et al. 2003). The electrochemical 
potential of the protein solution was monitored using a platinum wire and 
Ag/AgCl reference electrode placed directly in the cuvette and attached to a 
multimeter (PGSTAT30, Autolab, Utrecht, The Netherlands). The resulting 
electrochemical potential was stable at £0= -355 mV vs. SHE. Reductions were 
performed in an anaerobic Nz-filled glovebox operated at oxygen levels below 
4 ppm. Calibration of the Ag/AgCl reference electrodes, with respect to the 
standard hydrogen electrode, were performed using cyclic voltammetry to 
measure the redox couple of potassium ferricyanide in the same buffer as used in 
the experiments. A conventional three-electrode cell equipped with a pyrolytic 
graphite working electrode was used to compare the response of the potassium 
ferricyanide solution with the Ag/AgCl wire to that with a calibrated Ag/AgCl 
saturated KCl reference electrode (Radiometer, Copenhagen, Denmark). Spectra 
in the presence of possible substrates were obtained by incubating the protein 
in 100 μΜ substrate (90 μΜ NO) for ten minutes. Nitric oxide, hydrazine and 
hydroxylamine were added from stock solutions as described above. 
Analytical procedures 
Proteins were identified from Polyacrylamide gels by MALDI-TOF spectrometry 
in a Bruker III mass spectrometer (Bruker Daltonik, Bremen, Germany), using 
the reflectron mode. Samples were prepared for MALDI-TOF as described 
previously (Farhoud et al. 2005). The spectrum was analyzed using the Mascot 
Peptide Mass Fingerprint search program (Matrix Science, London, UK) against 
the K. stuttgartiensis protein database, using methionine oxidation as variable 
modification, 0.2 Da peptide tolerance and maximum 1 missed cleavage. Signal 
TABLE 4.1 
Purification of kustco694. Activity was based on cytochrome c reduction with 50 μΜ hydrazine. 
• 
Crude extract 
Ü sepharose XL 
Hydroxyapatite 
[protein] 
(mg-mL1) 
53 
11 
0.6 
volume 
(mi) 
10 
e 
12 
total protein 
(mg) 
530 
66 
72 
total 
activity 
292 
73 
60 
specific activity 
^moî-min^mg 
protein1) 
0.55 
1.1 
8.4 
yield 
100 
25 
21 
purity 
(-fold) 
1 
2 
15 
70 
peptide occurrence and cleavage site were predicted by Signal? 4.0 (Petersen et al. 
2011). 1 5 Ν Ξ 1 5 Ν production was monitored by gas chromatography (Agilent 6890 
equipped with a Porapak Q column at 80 0C) combined with a mass spectrometer 
(Agilent 5975c quadruple inert MS). Protein was measured with the Bio-Rad 
protein assay, based on the Bradford method (Bradford 1976). Ammonium, for 
the investigation of hydroxylamine disproportionation (Pacheco et al. 2011) was 
measured as described previously (Weatherburn 1967). 
Results and discussion 
Kustco694 is a covalently bound trimer ofoctaheme subunits 
Cell extracts of K.stuttgariensis had a high hydrazine oxidizing activity that 
could be purified using two ion exchange FPLC separations. In this way, a bright 
red fraction containing 8.4 μιηο1·ιτιϊη"1·πι§ protein"' hydrazine oxidizing activity 
was obtained. The activity was 15-fold purified with a yield of 21% (Table 4.1). The 
yield based on hydrazine oxidation is an underestimation because of the presence 
of high quantities of other hydrazine oxidizing enzymes within the crude extract, 
such as hydrazine synthase (kuste2859-6i) and kustcioói. Hydrazine oxidizing 
activity in the purified fraction was severely inhibited by the addition of 100 μΜ 
hydroxylamine (see below). The hydrazine oxidizing enzyme was purified to 
homogeneity, as indicated by a single band on a non-denaturing Polyacrylamide 
gel and a symmetrical peak on a hydroxyapatite column. The protein resolved 
as multiple high molecular mass bands on an SDS-PAGE gel, which is indicative 
for covalently bound complexes, as was previously observed in kustcioói and 
NeHAO (Terry and Hooper 1981). A faint band at -67 kDa represented the 
monomer. This is consistent with a 62.3 kDa protein (predicted molecular mass) 
containing eight heme ligands. The protein was identified as the product of open 
reading frame kustco694 by M ALDI-TOF MS. After tryptic digestion, 18 out of 83 
predicted peptides in the range of 700 to 3000 Da were detected, amongst which 
two peptides (masses 2173.9 Da a nd 2615.2 Da) critical to distinguish between 
kustco694 and kustdi340. The N-terminus was confirmed to be at the predicted 
signal peptide cleavage site by the presence of a 2691.2 Da peptide in the tryptic 
digest. This signal peptide could be predicted after an alignment was made of 
kustco694 and its homologues (Figure 4.1), which suggested an alternative start-
codon. Thus, identification of the N-terminus also showed the codon encoding 
M75 to be the true translation start site, which is confirmed by the presence of a 
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FIGURE 4.1 
Alignment ofkustco694 with selected octaheme sequences. Amino acid residues discussed in the text are boldface and large. Underlined sequences were detected 
by MALDI-TOF MS. Grey-shaded residues are predicted distal histidines. Vertical line indicates the predicted signal peptide cleavage site, boldface methionines are 
the predicted translation start sites. AGGAGG represents the kustco694 Shine-Dalgarno sequence. Boxed alignments are predicted heme binding sites, unless stated 
otherwise. Unresolved amino acids in the S. profunda sequence ore indicated by X. Numbering in brackets is according to (Igarashi et al. 1997Ì, for comparison. 
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FIGUK4.2 
Α: ίο μΜ substrate (solid line: hydrazine, dashed Une: hydroxylamme) incubated with 50 μΜ 
cytochrome c and 0.65 f<g kustco694, followed at 550 nm (primary Y-axis). Secondary Y-axis represents 
the concentration of reduced cytochrome based on the molar extinction coefficient £550=19,600 M'cm' 1 
(Yonetani 196s). 8: Oxidation of 16 nmot KN-labeled hydrazine to dinitrogen gas to completion by 33 ng 
kustco6g4. 
Shine-Dalgarno sequence in the DNA sequence, located 21 nucleotides upstream 
of the start codon. 
Kustco694 belongs to the family of octaheme HAO/HZO proteins 
Kustco694 is annotated as 'similar to hydroxylamine oxidoreductase', and has 
orthologues in KSU-i (HZO, 88% identity) and in the marine anammox bacterium 
Scalinduaprofunda [scalo3295c, 77% identity (Van de Vossenberg et al. 2012)], as 
well as a highly similar paralogue: Kustdi34o; 96% identity. Furthermore it shares 
37% and 20% sequence identity with HXD and NeHAO, respectively. The amino 
acid sequence contains seven CXXCH heme binding motifs (hemes 1, 2,4-8) and 
one CXXXXCH heme binding motif (heme 3). A Clustal alignment of kustco694 
and its homologues shows that these motifs, together with accompanying distal 
histidines, are well conserved (Figure 4.1). Contractions that were observed 
in kustcioói also occur in the kustco694 homologues, however, compared to 
kustcioói and AfeHAO, kustco694 and its >70% identical homologues have a 15 
amino acid insertion. In the resolved crystal structures of the two hydroxylamine 
oxidizing enzymes kustcioói and AfeHAO, the region of this insertion is a loop 
located near the entrance to the active site (Chapter 3, Igarashi et al. 1997). The 
active sites of kustcioói and NeHAO are characterized by a catalytic aspartate-
histidine couple that is conserved in kustco694 (D330-H331). A third amino 
acid likely to be involved in catalysis in NeHAO is a tyrosine, which is also 
present in kustcioói but not located in the catalytic site because of a 2 amino 
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Properties of purified anammoxoctaheme enzymes and of WeHAO Activity data are based on cytochrome c reduction NA Not applicable, NR Not reported 
species 
enzyme 
Vmn NjH» (μπηοΙ mm ' mg protein ') 
Kw N2H4 ( μ Μ ) 
KatN2Ht[s^ 
/ ί „ , Α
Μ
Ν 2 Η 4 ( 5 ' μ Μ · ) 
"ma« NHjOH (μmol mm * mg protein ') 
ifM NH 2 OH ( μ Μ ) 
) ( ( i , N H 2 O H ( s * ) 
Κ , Α , Ν Η , Ο Η ^ ' μ Μ ' ) 
^ NH 2 OH ( μ Μ ) 
if Ν Ο ( μ Μ ) 
subunit size (kDa) 
total size (kDa) 
subunit composition 
catalytic heme optical maximum (nm) 
catalytic heme midpoint potential (mV) 
reference 
Κ stuttgartiensis 
kustco694 
1 1 
10 
36 
3 5 
NA 
NA 
NA 
NA 
7 9 
2 5 
67 
2 0 0 
0 3 
4 7 0 
between -355 and -300 
This chapter 
k u s t c l 0 6 l 
1 6 
54 
4 9 
0 1 
4 8 
4 4 
15 
3 4 
NA 
NA 
6 1 5 
185 
0 3 
4 6 8 
-300 
Chapter 3 
KSL 
HZO 
6 2 
5 5 
13 4 
2 4 
NA 
NA 
NA 
NA 
2 4 
NR 
62 
ISO 
a 2 
4 7 2 
NR 
(Shimamura 
et al 2007) 
- 1 
HAO 
0 54 
25 
1 1 
0 0 4 2 
9 6 
33 
19 
0 57 
NA 
NA 
53 
118 
a 2 
4 6 8 
NR 
(Shimamura 
et al 2008) 
Β anammoxidans 
floHAO 
1 1 
18 
3 4 
0 1 9 
2 1 
26 
64 
2 5 
NA 
NA 
58 
183 
as 
4 6 8 
NR 
(Schalk et al 2000) 
Ν europaea 
WeHAO 
14 
4 
4 7 
12 
28 5 
3 6 
95 
26 
ΝΑ 
ΝΑ 
66 
2 0 0 
0 3 
4 6 0 
-260 
(Hooper and Nason 1965, 
Terry and Hooper 1981) 
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acid contraction. This tyrosine is replaced by a methionine in the active site. In 
an alignment with NeHAO, this results in a [—XXYXXM] motif, where the two 
dashes represent the contraction. Kustco694 and its homologues all have this 
motif, suggesting a similar active site architecture. The covalent bond linking 
the three subunits together was shown in kustcioói and NeHAO to be between 
a tyrosine located near the C-terminus and the catalytic heme. This tyrosine is 
conserved in all aligned sequences, strongly suggesting a covalent bond between 
Y536 and the catalytic heme to be the cause of the high molecular mass bands 
observed on an SDS-PAGE gel. 
Kustco694 is a dedicated hydrazine dehydrogenase, competitively inhibited 
by hydroxylamine and nitric oxide 
The purified enzyme catalyzed the oxidation of hydrazine at V" =11 ± 1.2 
μηιοίΓηίη'-π^ protein1 and KM= 10 ± 2.2 μΜ (Table 4.2). By following the 
reduction of 50 μΜ cytochrome c at 550 nm (£550=19,600 M '-cm ') with limiting 
concentrations of hydrazine (max. 10 μΜ) to completion, hydrazine was oxidized 
with a four electron stoichiometry (Figure 4.2A). This is in accordance with 
the 4-electron oxidation of hydrazine to dinitrogen gas, which was confirmed 
by a 2-mL incubation of kustco694 with 16 nmol of double-labeled hydrazine 
(H215N-,5NH2), which was converted to 15.5 nmol of double-labeled dinitrogen 
gas ('5Ns15N, Figure 4.2B). Like reported for the KSU-i HZO, hydroxylamine 
was found to be a potent inhibitor (K™li*ou = 7.9 ± 1.8 μΜ) of hydrazine 
oxidizing activity. In addition, nitric oxide was found to be inhibiting as well 
(/CN0 = 2.5 ± 0.9 μΜ). Lineweaver-Burk plots of the experimental data intersected 
at the Y-axis, which is indicative of competitive inhibition. The catalytic efficiency 
Κ /KM of kustco694 for the oxidation of hydrazine is 35 times higher than that 
of kustcioói (Table 4.2). The catalytic efficiency of kustcioöi for hydroxylamine 
oxidation is comparable to the efficiency of kustco694 for hydrazine oxidation. 
This shows that these two enzymes are each fine-tuned towards a specific 
function: Kustco694 oxidizes hydrazine, while kustcioói removes inhibitory 
hydroxylamine and converts it to nitric oxide. Nitric oxide in turn is an 
intermediate of the anammox process and can in principle serve as a substrate 
for hydrazine synthase (Kartal et al. 2011b). The inhibition of kustco694 by the 
anammox intermediate nitric oxide points towards a tightly coupled and well-
balanced coordination of intra-cellular reactive nitrogen species. Reduction or 
oxidation of other nitrogenous compounds (ΝΗΛ NH2OH, NO, NO2-, NO3 ) 
using cytochrome c as either electron donor or acceptor was not observed, nor 
was hydroxylamine disproportionation into NH4+ and NO2, NO, N2O or N2. 
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Kustco694 harbours a P470 chromophore with low midpoint potential 
The oxidized UV-visible spectrum of kustco694 is that of oxidized c-type 
heme. In the presence of dithionite crystals, the c-type hemes get reduced, 
as indicated by an increase in absorptivity at 420 nm, 524 nm and 554 nm 
(Figure 4.3A). Contrary to reported for KSU-i HZO, a peak at 472 nm in the 
ditionite-reduced spectrum was not observed. However, in the presence of 0.5 mM 
Eu(II)Cl2, absorptivity increased 
at 470 nm (Figure 4.3C), indicating 
the presence of a chromophore 
tentatively called P470. Combined 
with the denaturation properties 
on an SDS-PAGE gel and the high 
sequence similarity with kustcioói 
it is likely that kustco694 has a 
catalytic heme similar to that of 
kustcioói, which is covalently 
bound to Y536 of the adjacent 
subunit. The obtained reduction 
potential by europium addition 
was £0'= -355 mV vs. SHE. Since 
the P468 heme of kustcioói, which 
has a midpoint potential of £ 0 -
-300 mV vs. SHE, got reduced 
with dithionite under the same 
experimental conditions, it can 
be assumed that the midpoint 
potential of heme P470 is between 
-300 mV and -355 mV vs. SHE. 
In the presence of 100 μΜ hydrazine, 
the enzyme got partly reduced, 
as indicated by a double Soret 
peak (Figure 4.3B). The presence 
of 100 μΜ hydroxylamine and 
FieuRE4.3
 9 0 ^ nitric oxide did not affect 
A: UV-VIS spectra of kustco694, oxidized and in the
 t h e o x i d i z e d Spe ctrum, but both 
presence of various chemicals (see inset). B: Close-up
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Conclusions 
Kustco694 is a novel multiheme complex, which catalyzes a dehydrogenation 
by oxidizing hydrazine to dinitrogen as an essential part of the anammox 
metabolism and can therefore be considered a hydrazine dehydrogenase (HDH). 
Although it shares 37% sequence identity and many conserved features with 
kustcioói, enzyme kinetics suggest different physiological roles. The most notable 
differences between kustco694 and kustcioói, which might be responsible for the 
observed difference in catalytic activity, are the presence of a CXXXXCH heme 
binding motif in kustco694, which is absent in kustcioói, and an insertion of 15 
amino acids in the vicinity of the active site. 
Catalysis of hydrazine oxidation is likely to take place by the same mechanism 
as proposed for kustcioói hydrazine oxidation. The reaction involves the 
abstraction of four electrons and four protons (reaction 3). In hydrazine-soaked 
crystals of kustcìoói, a diatomic molecule with a bent ligation to the iron in the 
P468 heme was observed (chapter 3). Since the UV-VIS spectrum in the presence 
of hydrazine corresponded to a two-electron reduction, this molecule was 
proposed to be enzyme-bound diazene (N2H2). Since a similar partially reduced 
spectrum was observed when kustco694 was incubated with hydrazine (Figure 
4.3), it is possible that hydrazine oxidation by kustco694 proceeds via diazene as 
well, through two subsequent abstractions of two electrons and two protons. The 
reason why hydroxylamine is inhibiting remains to be elucidated. 
In hindsight, the results presented here may explain the sequence of events 
following the addition of millimolar quantities of hydroxylamine to anammox 
biomass, which is often used as a diagnostic tool to detect anammox activity 
(Kartal et al. 2008, van der Star et al. 2008). Hydroxylamine inhibits kustco694 
activity, causing hydrazine to accumulate. The hydroxylamine is oxidized to nitric 
oxide by kustcioói, which in turn serves as a substrate to hydrazine synthesis. 
After lowering concentrations of hydroxylamine and nitric oxide, kustco694 can 
recommence hydrazine oxidation. 
The oxidation of hydrazine to dinitrogen gas is an essential part of the anammox 
pathway, releasing fixed nitrogen back into the atmosphere, thus completing the 
nitrogen cycle. Besides N2O reductase (Zumft and Kroneck 2006), kustco694 
is the only enzyme known to date to form dinitrogen gas in a physiologically 
relevant process. Since anammox has been estimated to contribute to 50% of 
release of fixed nitrogen globally, kustco694 is an enzyme that truly shapes our 
atmosphere. 
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Chapter 5 
A 60-heme heterododecameric complex 
involved in anaerobic ammonium oxidation 
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Abstract 
Bacterial multiheme cytochrome c complexes belong to a diverse group of enzymes that are ubiquitous in nature. The genome of the bacterium 
Kuenenia stuttgartiensis, which oxidizes ammonium anaerobically with nitrite 
as terminal electron acceptor, encodes 61 cytochrome c proteins. Ten of these are 
octaheme proteins and share 15% to 25% sequence identity with hydroxylamine 
oxidoreductase from Nitrosomonas europaea (NeHAO). In this chapter, one of 
these octaheme proteins, encoded by the open reading frame (ORF) kustco458) 
was purified to homogeneity. It was found to be expressed in complex with the 
product of an ORF directly upstream of kustco458: Kustco457. Gel electrophoresis 
indicated the complex to consist of non-covalently bound subunits, in contrast 
to the octaheme proteins from anammox bacteria sofar described. The amino 
acid sequence of kustco458 suggested an octaheme enzyme, but the tyrosine 
responsible for covalent crosslinks in NeHAO, kustcioói and probably also in 
kustco694, appeared to be substituted by a triple tryptophan (WWW-) motif. No 
appreciable oxidation rates were detected, but with methyl viologen as electron 
donor, nitrite reduction was observed at a specific activity of 0.12 μιτιοΙ-Γτπη '-mg '. 
UV-VIS spectroscopy confirmed the presence of c-type hemes, and the absence 
of a P460 chromophore. 
Elucidation of the crystal structure at a resolution of 2.6 Angstrom revealed 
the complex to be a α6β6 heterododecamer, completely formed by non-covalent 
interactions. The complex contained 60 heme-groups in total, which is the 
highest number of hemes found within one protein complex to date. The overall 
structure of the kustco458 monomer was similar to that of kustcioói, with 8 
similarly arranged heme-groups. The proposed active site was composed of a 
water-ligated heme and two tryptophans of the adjacent subunit, replacing the 
tyrosine that covalently binds to the catalytic hemes in kustcioói. Other residues 
in the proposed active site were similar to those found in kustcioói, including a 
methionine residue (M341) that could be involved in the release of nitric oxide 
as end-product. 
This chapter provides insight into the structure of a novel 60-heme enzyme of 
which the kinetics suggest a role in nitrite reduction. Experiments to gain further 
insight into the physiological role of kustco457-8 are suggested. 
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Introduction 
Anaerobic ammonium oxidizing (anammox) bacteria convert ammonium to 
dinitrogen gas, using nitrite as terminal electron acceptor (Jetten et al. 2009, and 
references therein). It has been estimated that up to 50% of the dinitrogen gas in 
our atmosphere is produced by anaerobic ammonium oxidation (Arrigo 2005, 
Kuypers et al. 2005, Lam et al. 2009). Moreover, anammox bacteria have been 
successfully applied in waste water treatment plants, removing ammonium in 
concert with partial nitrification (Kartal et al. 2010). 
The biochemical mechanism of anammox has recently been elucidated, and was 
shown to proceed via the intermediates nitric oxide and hydrazine (Kartal et 
al. 2011b, Chapter 2). The primary metabolism was found to be based on a set 
of three core redox-reactions. First, nitrite is reduced to nitric oxide, which is 
then reduced and condensed with ammonium to form hydrazine by hydrazine 
synthase (HZS). The last step, yielding four electrons, is the oxidation of hydrazine 
to dinitrogen gas by hydrazine dehydrogenase (HDH). In the previous chapters, 
two multiheme complexes catalyzing these reactions, purified from Kuenenia 
stuttgartiensis, were reported (HZS, Chapter 2; HXD, Chapter 4). Moreover, 
Chapter 3 described a hydroxylamine oxidoreductase (H AO)-like enzyme, which 
is thought to play an important role in hydroxylamine detoxification. 
Besides occuring in anammox, nitrite reduction to nitric oxide is also one of the 
steps of denitrification, and is, in this process, catalyzed by two different types of 
enzymes: Cytochrome cdi-type nitrite reductases (NirS) and copper-dependent 
nitrite reductases (NirK) (Zumft 1997, and references therein). Although there 
is an open reading frame present in the K. stuttgartiensis genome that strongly 
resembles NirS [kuste4i36, (Strous et al. 2006)], subsequent transcriptome and 
proteome analysis showed that this gene is only expressed at very low levels 
(Kartal et al. 2011b). This leaves room for other proteins to perform this role. Ten 
open reading frames in the K. stuttgartiensis genome encode putative HAO-like 
enzymes (Strous et al. 2006). The HAO from the aerobic ammonium oxidizer 
Nitrosomonas europaea oxidizes hydroxylamine to nitrite in vivo, and is able to 
catalyze many other conversions of nitrogenous compounds, including reduction 
of nitrite to ammonium (Hooper and Nason 1965, Hooper and Terry 1979, Hooper 
et al. 2004, Kostera et al. 2010, Kostera et al. 2008). Two of the ten H AO's from 
anammox bacteria have been described in the previous two chapters. A third 
octaheme protein encoding ORF that is highly expressed in K. stuttgartiensis, is 
kustco458 (Kartal et al. 2011b). It shares only 21% sequence identity to kustcioói 
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and kustco694 on the amino acid level. Since other octaheme proteins such as 
the hydroxylamine oxidoreductase from Nitrosomonas europaea (NeHAO), the 
octaheme nitrite reductase from Ihioalkalivibrio nitratireducens (TvNIR), the 
octaheme tetrathionate reductase from Shewanella oneidensis (OTR) and the 
hydroxylamine dehydrogenase from K. stuttgartiensis (kustcioói, see chapter 
3) all have been reported to reduce nitrite (Atkinson et al. 2007, Kostera et al. 
2010, Tikhonova et al. 2006), we consider it plausible that kustco458 acts as a 
nitrite reductase in K. stuttgartiensis at physiologically relevant levels. Moreover, 
as octaheme proteins from the HAO/HZO family have been proposed to 
have evolved from dedicated nitrite reducing penta- and octaheme enzymes 
(Bergmann et al. 2005, Klotz et al. 2008), it could be that one of the HAO/HZO-
like proteins in K. stuttgartiensis retained this function. 
To investigate the role of kustco458 we purified it to homogeneity and studied 
the catalytic and spectral properties. In addition, the protein was successfully 
crystallized and the 2.6À resolution crystal structure is reported here. 
Experimental procedures 
Purification of kustco694 
All chemicals were purchased from Sigma (Sigma-Aid rich, St. Louis, USA) unless 
stated otherwise, HPLC grade chemicals were obtained from Baker (Phillipsburg, 
USA). K. stuttgartiensis was grown as planktonic cells in a membrane bioreactor 
(Kartal et al. 2011a). All steps excluding cell-disruption and FPLC were carried 
out at 4 0C. Cells were collected by centrifuging effluent (4L, OD6oo=i-o) at 8,ooog 
for 15 minutes. The pellet was resuspended in 5 mL 20 mM potassium phosphate 
buffer (KPi) pH 7 and disrupted 3X by French Press at a maximum pressure of 
138 MPa. The lysate was incubated for 1 hour with 1% (w/v) sodium deoxycholate 
on a rotating incubator (20 rpm). After incubation, cell debris was removed 
by centrifugation for 15 minutes, 3,000g. The supernatant was subsequently 
centrifuged for 1 hour at 150,000g in an ultracentrifuge (Discovery 100, equipped 
with a T-1270 rotor, Sorvall, Newtown, USA). Crude extract was obtained as 
an intense dark red supernatant. An ÄKTA purifier (GE Healthcare, Uppsala, 
Sweden) was used for all FPLC separations; eluate was monitored at 280 nm. 
Crude extract was loaded onto a 30-mL column packed with Q Sepharose XL (GE 
Healthcare, Uppsala, Sweden), which was equilibrated in 2 column volumes of 20 
mM Tris/HCl buffer pH 8. After washing the column with 2 column volumes 
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to remove non-binding protein, the column was eluted in three steps of 200, 
400 and 1000 mM NaCl in 20 mM Tris/HCl buffer pH 8 (flowrate 2 mL-min '; 
collected in 2-mL fractions). Fractions containing bands at -66 kDa and -27 kDa 
on an SDS-PAGE gel were collected in the second step (400 mM NaCl in 20 mM 
Tris/HCl buffer pH 8). Three fractions (6 mL) were pooled, desalted and loaded 
onto a 10-mL column packed with Ceramic Hydroxyapatite (Bio-Rad, Hercules, 
USA), which was equilibrated in 5 column volumes of 20 mM KPi pH 7. After 
washing with 20 column volumes of 20 mM KPi pH 7 at 2 mL-min ', kustco457-8 
was eluted in 44 mM KPi pH 7 by starting a 60-minute linear gradient of 20 mM 
KPi pH 7 to 500 mM KPi pH 7 (flowrate 2 mL-min ', collected in 2-mL fractions). 
Following desalting, separation on the hydroxyapatite column was repeated to 
yield 6 mL of 7 mg-mL ' kustco457-8, purified to homogeneity. Fractions were 
desalted and concentrated in 100-kDa molecular weight cut-off spinfilters 
(Vivaspin 20, Sartorius Stedim Biotech, Aubagne, France) and routinely inspected 
by non-denaturing PAGE, SDS-PAGE (Laemmli 1970) and MALDI-TOF MS (see 
analytical procedures). 
Activity assays 
All assays were prepared in i-mL glass cuvettes, i-cm path length, in an anaerobic 
glove-box (95%/5% Ar/H2 atmosphere), sealed with a rubber stopper. Chemicals 
were prepared as concentrated stock solutions and made anoxic by alternately 
applying vacuum and helium (1 bar overpressure) seven times. Oxidation 
assays were performed at 37 0 C and monitored at the specified wavelength with 
a Gary 50 spectrophotometer (Agilent, Santa Clara, USA) with four different 
artificial electron acceptors: 50 μΜ ferric bovine cytochrome c, monitored at 
550 nm, 75 μΜ 2,6-dichloroindophenol (DCPIP), monitored at 600 nm, 450 μΜ 
ferricyanide, monitored at 420 nm and 400 μΜ 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) in the presence of 20 μΜ potassium 
metabisulfate (PMS) monitored at 578 nm. The reaction mixture, containing 23 
μg enzyme in 1 mL 20 mM KPi pH 7, was monitored for 1 minute at 550 nm, after 
which the reaction was started by addition of 100 μΜ of He-sparged substrate 
(90 μΜ for NO). Ammonium chloride, sodium nitrite, hydrazine (hydrazinium 
sulphate, Merck, Darmstadt, Germany), hydroxylamine (hydroxylammonium 
chloride, Merck, Darmstadt, Germany) and nitric oxide (NO) were tested as 
substrates. NO was added from a 0.9 mM stock solution in 20 mM KPi pH 7, 
which was prepared by sparging anoxic 20 mM KPi pH 7 with 50%He-50%NO 
(Scott Specialty Gases, Breda, The Netherlands) for ten minutes. This NO-
solution was directly added to the assays (after sealing the cuvette with a rubber 
w$m 
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stopper) with a 50 μ ι glass syringe. Reduction assays were performed at 25 "C 
and monitored at the specified wavelength with a Novaspec II spectrophotometer 
(LKB Biochrom, Cambridge, UK) inside the glove-box. Three different artificial 
electron donors were used: 40 μΜ ferrous bovine cytochrome c, monitored at 550 
nm, 500 μΜ Wurster's blue (tetramethylphenylenediamine, TMPD), monitored 
at 600 nm and the methylviologen monocation radical, monitored at 600 nm. 
A partly reduced cytochrome c pool was obtained by mixing 50 μΜ of ferric 
cytochrome c with 20 μΜ ascorbic acid. This resulted in a mixture of 40 μΜ 
reduced and 10 μΜ oxidized cytochrome c. Methylviologen (1 mM) was partly 
reduced in the glove-box by passing the solution over solid Zn particles on filter 
paper in a glass funnel [adapted from (Clarke et al. 2008)]. The Zn particles were 
washed with 1 mM HCl and subsequently neutralized with 20 mM KPi pH 7 
prior to methylviologen reduction. This resulted in OD6oo=i-i, corresponding to 
80 μΜ of methylviologen monocation radical [8600=13.7 mM '-cm ' (Watanabe 
and Honda 1982)]. Assays were started by enzyme addition, after monitoring 
the background reaction of electron donor and substrate for at least 15 minutes. 
Substrates tested were same as stated above, with the exception of sodium nitrate 
instead of ammonium chloride. 
Ultra-violet and visible light (UV-VIS) optical absorption spectra 
UV-VIS spectra were recorded in a i-mL quartz cuvette, i-cm path length, 
containing 80 μg·mL ' kustco457-8 in 20 mM KPi pH 7, using a Cary 50 
spectrophotometer (Agilent, Santa Clara, USA) in the range of 300 nm to 
800 nm. Spectra in the presence of dithionite were obtained by addition of an 
appropriate amount of sodium dithionite crystals directly to the cuvette. Spectra 
in the presence of substrates were obtained by incubating the protein in 100 μΜ 
substrate (90 μΜ NO) for ten minutes. Nitric oxide, hydrazine and hydroxylamine 
were added from stock solutions as described above. 
Crystallographic procedures 
All crystallographic procedures, including crystallization, X-ray diffraction 
and determination and interpretation of the structure, were carried out by Dr. 
Thomas Barends and Andreas Dietl MSc. at the Max Planck Insitute for Medical 
Research in Heidelberg, Germany. Kustco457-8 was concentrated to A2iio~20, 
d=\.o cm in 25 mM HEPES/NaOH, pH 7 with 25 mM KCl. Crystals were 
obtained in two different buffers. Rhombohedral crystals measuring 15 χ 10 χ 
ίο μιη grew within three weeks in 1.5-2.0 ammonium sulfate and 0-10% (v/v) 
glycerol. Larger rhombohedral crystals (100 χ loo χ 50 μιη in five days) were 
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obtained from a precipitant solution containing 1.5 M ammonium sulfate and 
1.0% (v/v) Tween 20. Crystals for X-ray diffraction analysis were obtained using 
the vapour-diffusion hanging-drop technique by mixing 1-2 μΐ, protein solution 
with 1-2 μ! of reservoir solution in a 1:1 ratio on cover slips and equilibrating 
against a reservoir containing 800 μι precipitant solution in 6x4 Linbro plates 
(ICN Biomedicals Inc., Aurora, Ohio, USA) at 20oC. For cryoprotection, crystals 
were passed through cryoprotectant solutions consisting of an artificial mother 
liquor containing 25% (v/v) ethylene glycol or 30% (w/v) sucrose for approx. 1- 5 
min and were then flash-cooled in liquid nitrogen. 
Detailed information on X-ray diffraction and structure determination can be 
found in (Dietl 2011). Figures 5.6-5.10, 5.12 were kindly provided by dr. Thomas 
Barends and Andreas Dietl MSc. 
Analytical procedures 
Proteins were identified from Polyacrylamide gels by MALDI-TOF spectrometry 
in a Bruker III mass spectrometer (Bruker Daltonik, Bremen, Germany), using 
the reflectron mode. Samples were prepared for MALDI-TOF as described 
previously (Farhoud et al. 2005). The spectrum was analyzed using the Mascot 
Peptide Mass Fingerprint search program (Matrix Science, London, UK) against 
the K. stuttgartiensis protein database, using methionine oxidation as variable 
modification, 0.2 Da peptide tolerance and maximum 1 missed cleavage. Signal 
peptide occurrence and cleavage site were predicted by Signal? 4.0 (Petersen et 
al. 2011). 
Protein content was measured with the Bio-Rad protein assay, based on the 
Bradford method (Bradford 1976). Ammonium was measured colorimetrically 
as described previously (Weatherburn 1967). 
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Results and discussion 
Kustc0457-8 is a non-covalently bound complex of octa- and diheme 
subunits 
After three FPLC runs, one with Q Sepharose XL, followed by two with 
hydroxyapatite, a pure preparation of a heteromultimeric complex was obtained, 
as indicated by a symmetrical peak on a hydroxyapatite column and a single 
band of -480 kDa on a native Polyacrylamide gel (Figure 5.1A). The amount of 
protein purified was -40 mg, which accounts for approximately 7% of the total 
protein content of K. stuttgartiensis. On a denaturing Polyacrylamide gel, the 
complex resolved as two bands, at -66 
kDa and at -27 kDa (Figure 5.1B). With 
MALDI-TOF mass spectrometry, both 
bands could be identified as products 
from the consecutive open reading 
frames kustco457 (9 out of 45 predicted 
peptides detected) and kustco458 (27 
out of 114 predicted peptides detected). 
The observed molecular masses of 
these proteins were in agreement with 
the predicted masses, when heme-
groups were taken into account: 
kustco457: 25.4+(2*o.685)=26.77 kDa 
kustco458: 6o.7+(8*o.685)=66.i8 kDa 
Since no high molecular weight bands 
were observed on a denaturing gel, it 
was concluded that the complex was 
formed by non-covalent interactions. 
The total size as determined by native 
gel electrophoresis suggested that the complex composition was either ctsßs or 
α6β6, of which the dodecamer was confirmed by elucidation of the crystal 
structure (see below). 
The large subunit (kustco458) was one of the ten octaheme proteins found in the 
K. stuttgartiensis genome (Strous et al. 2006). It shares 44% and 43% sequence 
identity with two other predicted octaheme proteins from K. stuttgartiensis 
(kuste4574 and kuste2479), and has a highly similar orthologue in the marine 
720 kDa 250 kDa 
130 kDa - -
100 kDa MM 4 8 0 k D a 
70 kDa t M · 
55 kDa _ 242 kDa 
35 kDa 
25 kDa 
146 kDa 
66 kDa -. •<» 
FIGURE 5.1 
A: Non-denaturing PAGE of purified 
kustc04S7-8. The enzyme is a high molecuiar 
mass complex of around 480 kDa, which 
is a slight underestimation as shown by 
crystallography. B: SDS-PAGE of purified 
kustc04S7-8, showing the complex to consist of 
a ~66 kDa and a ~27 kDa subunit. 
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anammox bacterium Scalindua profunda [scaloo42i) 56% sequence identity (Van 
de Vossenberg et al. 2012)]. With the previously characterized K. stuttgartiensis 
octaheme enzymes kustcioói and kustco694 it shares 21% identity. An 
alignment (Figure 5.2) shows the eight CXXCH heme binding sites, as well as the 
accompanying distal histidines, to be conserved, with the exception of the distal 
histidine of heme 1. In NeHAO and kustcìoói, a conserved tyrosine residue 
located near the C-teminus was found to be covalently linked to the catalytic 
heme of an adjacent subunit. SDS-PAGE of kustco458 suggests the subunits to be 
non-covalently bound, which is supported by the absence of this tyrosine residue. 
Instead, it is replaced by a triple tryptophan (WWW) motif. Another conserved 
feature is a DH-couple, which is located in the catalytic pocket in kustcioói and 
NeHAO and proposed to be involved in catalysis. In kustco458, it is flanked by 
two proline residues, which are also present in kuste2479 and scaloo42i. Y358 
aligns with a tyrosine residue which has been proposed to be involved in catalysis 
in NeHAO, but was found to be located outside the catalytic site in kustcioói 
(Chapter 3). Four insertions are present in kustco458 when compared to NeHAO 
and kustcioói. Deletions with respect to NeHAO are similar to those found in 
kustcioói and kustco694. 
The small subunit (kustco457) is a cytochrome c protein with two CXXCH heme 
binding motifs, and has an orthologue in S. profunda: Scaloo420 (Figure 5.3). 
This suggests that the two consecutive open reading frames from S. profunda, 
scaloo42o and scaloo42i, encode a similar multiheme complex. 
Kustc0457-8: A novel nitrite reductase? 
Incubation of the enzyme with ammonium, hydroxylamine, hydrazine, nitric 
oxide or nitrite, with a variety of electron acceptors (see experimental procedures) 
did not yield a reaction, with the exception of hydrazine and hydroxylamine 
with cytochrome c. The rates of these reactions were however three orders of 
magnitude lower (N2H4: 7 nmolmin '-mg protein '; NH2OH: 50 nmolmin 'mg 
protein ') than other hydrazine and hydroxylamine oxidizing enzymes purified 
fromJC. stuttgartiensis [N2H4oxidation bykustonóg: 10.8 μιτιοΐ-ιηίη '-mgprotein '; 
NH2OH oxidation by kustcioói: 4.8 μπιοΙ-Γηίη ' m g protein ' (Chapters 3 and 4)]. 
It was therefore concluded that, although the enzyme was capable of oxidizing 
hydroxylamine and hydrazine, this was not likely to be the physiological role of 
kustco457-8. 
In the reductive direction, kustco457-8 was screened for activity with nitrate, 
nitrite, nitric oxide, hydrazine and hydroxylamine, using reduced cytochrome 
c, TMPD and the methylviologen monocation radical as electron donors. One 
iff 
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FIGURE 5.2 (Previous page) 
Alignment of kustc0458 with homologues sequences from K. stuttgartiensis and S. profunda and with 
NeHAO. Large, boldface residues represent proposed active site amino acids. Boxed residues represent 
other conserved features, such as heme binding sites, distal ligands (the distal histidine to heme 1 
is encircled) and aromatic residues surrounding the proposed active site. Bald-face methionines are 
predicted translation start sites; grey-shaded residues are the predicted signal peptide cleavage sites 
and underlined sequences were detected with MALOt-TOF MS. Numbers in brackets are according to 
(Igaroshi et al. 1997). 
of these combinations yielded a reaction: Nitrite reduction was measured with 
methylviologen at a rate of 0.12 μηιοΐ-ιτηη '-mg protein ' (Figure 5.4). The reaction 
stoichiometry based on the molar extinction coefficient of methylviologen 
[ε6οο=ΐ3·6 mM '-cm ' (Watanabe and Honda 1982)] was 1 -.7.2, implying a 6-electron 
reduction of nitrite to ammonium. Ammonium production could not be shown 
with the employed colorimetrie method due to the low concentration that could 
theoretically be produced in this assay (5 μΜ). In a previous study, anammox 
bacteria were shown to reduce nitrite to ammonium (Kartal et al. 2007), which 
could be the kustco457-8 physiological role. However, given the artificial nature 
of the methyl viologen-based assay with kustco457-8 [the midpoint potential of 
the methyl viologen monocation is extremely low: £0--446 mV vs. SHE at 25 0 C 
(Mayhew 1978)], it might be that the in vivo situation differs from this. A difference 
in the catalytic site (Figure 5.10) when compared to other multiheme enzymes 
that reduce nitrite to ammonium allows further speculation on this matter: The 
pentaheme nitrite reductase NRF, which was proposed to be the common ancestor 
of the octaheme enzymes discussed in this thesis, reduces nitrite to ammonium 
kustc0457 
scal00420 
kustc0457 
scal00420 
predicted signal peptide h e m e l 
M < P K G L F Y T F G F l S A A V F S C A V L T V V M i P N T A S A | l E I P K E V T E E G K N V Y Κ Κ Y l C A P C F f c E E G 6 G 6 3 
I K / A Y L N G K K G I N G G S N L C W B N I L F S A I V I V F V S W C L G N T V W I G D R L E G K D I Y N K Y | C A P C | J G L I G D G 6 6 
6 4 D G l l S HS ΓΛ P K P R N F T L G A Y K F R T T P S G S L P T D E D I Y R T I S Y G V P N S T p | l P V S O I L T E E Q R A S V V P V L 1 3 0 
6 7 Y G P L Y G A t Y P K P R D F T K G Q Y K I R T N A T G S L P T D A D I I H V IS V G V H G T S ^ P W C I I D L D Q I K S L L P V L 1 3 3 
linker 
kustc0457 131 KSFSEAFEKREPEPSVDVGLPLRPTERT 
scal0O420 134 KSF st ATOI^RF PEAS IAVGSEMTATQKT 
heme2 
L A G K K I Y E E K L E[C V * C HGV E GR G D G P S AS E QE DDF GF Ρ 2 1 1 
A R G K E L Y F Q K E Ç W Ç J J G E T G E G D G P S S Y D L E D E V « l p 2 1 3 
kustc0457 212 IKPFDFTTG KF KGGWS PTDVYLBF TTGL NGTPHPSF AKELS DOE R\WLTHYVMSLVQPE KCRK - - - 260 
scalOC)420 214 IQAYNFTRQDKFKGGSTNKD IYLRFTTGVNGTPMPSF ANELSDEDRWCMVHFVKSLGEKKSTKGHAE 266 
FIGURE 5-3 
Alignment ofkustcoas/ with its S. profunda orthotogue scalooAZO. Underlined sequences were 
detected with MALDI-TOF MS. l' and 2' represent distal methionines. 
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(Bergmann eia/. 2005, Berks eia/. 1995, Klotz ei a/. 2008). The proposed theoretical 
mechanism involves the stepwise addition of electrons and protons (Einsle et al. 
2002), by which the heme-bound substrate passes through several intermediate 
{FeNO}" states [Enemark-Feltham notation (Enemark and Feltham 1974), where 
η ranges from 6 to 8 and stands for the total amount of electrons present in the 
Fe i/-orbital and NO Tr^-orbitalj. The crystal structures of NRF purified from 
both Sulfurospirillum deleyianum and Wolinella succinogenes, octaheme nitrite 
reductases TvNIR and octaheme tetrathionate reductase all have catalytic sites 
with a tyrosine residue in close vicinity to the iron-atom (Einsle et al. 1999, 
Einsle et al. 2000, Mowat et al. 2004, Polyakov et al. 2009). When this tyrosine 
was replaced with phenylalanine in NRF, all activity, monitored by ammonium 
measurements, was lost (Lukat et al. 
2008). In this study however, other 
nitrogenous compounds were not 
measured; thus, it could not be 
excluded that nitrite was reduced to 
a reaction intermediate, such as nitric 
oxide or hydroxylamine. The catalytic 
site of kustco457-8 (Figure 5.10) lacks 
this tyrosine residue, which is contrary 
to what would be expected from the 
alignment with NeHAO (Figure 5.2). 
Instead, it is replaced by a methionine 
residue (M341), which is the case in 
the NO-producing hydroxylamine 
dehydrogenase (kustcioói, Chapter 
3) as well. If replacement of tyrosine 
with methionine in the active site 
results in the release of nitric oxide, it 
is conceivable that, in vivo, nitrite is not reduced to ammonium, but released 
as nitric oxide instead. However, if NO release in kustcioói is facilitated by the 
P468 heme structure, this is unlikely to occur in kustco457-8, since it lacks a P468 
cofactor. 
Kustc0457-8 lacks a P460 chromophore 
The spectral properties of the enzyme were assessed in the ultraviolet and visible 
light range (300-800 nm) under air-oxidized conditions and in the presence of 
dithionite, hydroxylamine, hydrazine and nitrite (Figure 5.5). The spectrum of 
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FIGURE 5.4 
Nitrite reduction by kustc0457-8. Assays were 
prepared by mixing 80 μΜ reduced methyl 
vialogen with 5 μΜ nitrite and started by 
addWon 0/20 (jg enzyme. Triangles represent 
the assay; controls are shown without nitrite 
and without enzyme (squares) and without 
nitrite (circles). Arrow indicates enzyme addition. 
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air-oxidized kustco457-8 had maxima at 409 nm and 533 nm. Upon dithionite 
addition, the peak at 409 nm shifted to 420 nm, and two peaks appeared at 524 
nm and 553 nm, indicating the presence of c-type hemes. Contrary to reported 
for kustcioöi and kustco694, an additional peak in the range of 460-480 nm was 
not observed. The absence of a P46o-like chromophore supports the previously 
stated hypothesis that the catalytic heme of kustco457-8 is not covalently bound 
to the adjacent subunit. 
Neither the dithionite-reduced nor the air-oxidized spectrum was influenced 
by the presence of hydrazine or hydroxylamine. Nitrite readily and completely 
oxidized a dithionite reduced spectrum and did not affect the oxidized spectrum. 
The 2.6 Angstrom-resolution crystal structure of kustc0457-8 
A crystal structure of the kustco457-8 complex was elucidated at a resolution of 
2.6 Â. See Supplementary Table 5.1 for detailed crystallographic data. The model 
included the products of the K. stuttgartiensis genes kustco457 and kustco458 
(Figure 5.6). The overall structure was that of a heterododecameric a.6$6 complex, 
including 60 hemes, of which 54 6-coordinated c-type hemes and 6 water-his 
ligated hemes. The water-his ligated hemes are likely to be the site of catalysis, 
analogous to kustcioói (Chapter 3) and NeHAO (Igarashi et al. 1997). The model 
included 494 residues of kustco458, leaving 31 N-terminal and one C-terminal 
residue unresolved. For kustco457, the N-terminus was identical to the predicted 
signal cleavage site (I35) and six C-terminal residues remained unresolved. 
The overall structure is an extended version of the kustcioói structure. The 
previously reported tulip-bulb-shape is formed by three kustco458 monomers. 
Each kustco458 monomer is complemented by a kustco457 monomer (Figure 5.7). 
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FIGURE 5.5 
Air oxidized (solid) and 
dithionite-reduced (dashed) 
spectra of kustc0457-8. 
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kustc0457 
kustc0458 
t 90 
FIGURE 5.6 
Heterododecameric structure of kustc0457-8. 
Six kustc0457 monomers form an equatorial 
ring between two kustc04s8 trimers. 
Two of these difa complexes together 
interact via their kustco457 monomers, 
forming a α6β6 complex, 190 Â in 
length and 110 Â wide, consisting of 
two tulip bulbs connected to each other 
by an equatorial ring of six kustco457 
monomers (Figure 5.6). Contrary to 
kustcioói, the complex is completely 
formed by non-covalent interactions, 
confirming the results of denaturing gel 
electrophoresis. The heme arrangement 
in kustco458 is nearly identical to that 
of kustcioói. The bis-his-coordinated 
hemes form a similar ring, with the 
catalytic hemes positioned on top 
of the ring. The electron transport 
chain provided by the non-catalytic 
hemes is extended at heme 1 by the 
diheme cytochrome kustco457, which 
docks onto the kustco458-monomer 
adjacent to the monomer of which the 
electron transport chain is extended 
(Figures 5.7-5.9). In kustcioói, heme 1 
is solvent-exposed and the most likely 
site of interaction with the physiological 
electron acceptor. In NeHAO, heme 1 is 
solvent exposed as well, and is thought 
to be the site of electron transfer to 
cytochrome C554. the physiological 
electron acceptor (Igarashi et al. 1997). 
In an alignment with other anammox 
octaheme enzymes, the distal histidine 
of heme 1 is replaced with a lysine (K175, 
see Figure 5.2). The crystal structure 
revealed that this lysine is not the distal 
ligand of heme i, but that a different 
histidine (H105), is the actual distal 
ligand. The ring-like arrangement of 
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KustC0458 
KustC0457 
FIGURES.? 
Kustc0458 and kustc0457 monomers. 
Although kustco457 elongates the 
electron transfer pathway of the 
kustco4s8 subunit adjacent to the 
depicted kustc0458, the shown 
structures have more non-covalent 
interactions. 
hemes has been proposed to facilitate electron-transfer between subunits in 
NeHAO (Kostera et al. 2010). 
Despite sequence similarities of only 21% and 23% shared between kustco458 
and kustcioói, and between kustco458 and NeHAO, respectively, the overall 
structural folds are comparable. The monomer is dominated by three long 
α-helices, of which one of the helices is interrupted by a short loop, caused by 
a proline residue (P527). Whereas a similar loop accommodates the tyrosine 
crosslinker in kustcioöi and NeHAO, this tyrosine is absent in kustco457-8, as 
was already suggested by the alignment. The previously mentioned WWW-motif, 
located four residues upstream of P527, substitutes the crosslinking tyrosine in 
the aforementioned loop. 
Previously, the crystal structures of several octaheme proteins have been resolved 
and they all are remarkably similar regarding their heme arrangements (Chapter 
3, Igarashi et al. 1997, Mowat et al. 2004, Polyakov et al. 2009). All have seven 
bis-his-ligated c-type hemes that serve as an electron transport chain. The 
differences in catalytic activity are mainly due to differences in the architecture 
of the active site. The most dramatic difference occurs between oxidizing and 
reducing enzymes. Oxidizing enzymes (i.e. NeHAO and kustcioói) occur in 
homotrimers and have a covalent tyrosine crosslink with the catalytic heme of 
the adjacent subunit. This crosslink is absent in substrate reducing enzymes such 
as TvNIR (a homohexamer) and OTR. The crosslink causes the catalytic heme 
to assume a ruffled conformation and to absorb light between 450 and 500 nm. 
The catalytic hemes of NeHAO and kustcioói were therefore called P460 and P468, 
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diheme subunit. Green 
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taken from the same 
subunits as shown in 
Figure 5.7. The two 
red hemes are from 
a second kustc0457 
subunit. Iron-to-iron 
distances are given in 
Angstrom. 
after their respective optical maxima. As this crosslink is absent in nitrite-
reducing octaheme enzymes it was postulated that the presence of a tyrosine 
crosslink is indicative for an oxidizing activity. The involvement of a covalent 
crosslink in oxidation was also supported by studies with cytochrome P460I a 
covalent dimer of monoheme subunits isolated from N. europaea, which oxidizes 
both hydroxylamine and hydrazine. In this case, the crosslink was formed by 
a lysine from the adjacent subunit rather than by a tyrosine. Mutation of that 
lysine resulted in loss of activity, again indicating that the crosslink is crucial 
to oxidizing activity (Arciera and Hooper 1997, Bergmann and Hooper 1994, 
Pearson et al. 2007). 
Of the hemes present in the kustco457-8 crystal structure, heme 4 if the best 
candidate for the site of substrate conversion. It is proximally ligated by H240 
and distally ligated by a water molecule (Figure 5.10). The aspartate-histidine 
couple (D274-H275) that is believed to be involved in proton abstraction in 
NeHAO and kustcio6i is also present in kustco457-8 and, analogously, is 
proposed to be involved in proton addition. The couple is flanked by two proline 
(P273 and P276) residues, which position it into the catalytic pocket. A third 
residue likely to be involved in catalysis is M341. A similar methionine was also 
found in the kustcioói active site, replacing a tyrosine in NeHAO. Although 
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FIGURE ss 
Heme arrangement within one half of the kustc04S7-8 dodecamer, including three kustc0457 and 
three kustc04S8 subunits.. The proposed electron transfer pathway feeds electrons directly to the 
catalytic heme 4 (solid arrows), but possibly also relays them to adjacent subunits via hemes 2 and 
8' (13 A) (dashed arrows). Electron transfer between kustco457 and kustco458 is proposed to occur 
between both hemes 1. 
FIGURE 5.10 
Proposed catalytic site ofkustc0458. Subunit 1 (green) binds heme 4; subunit 2 (purple) provides the 
triple tryptophan cluster. There is no covalent interaction between the two subunits. Amino acids 
likely to be involved in catalysis are shown. Colored atoms represent nitrogen (blue), oxygen (red), iron 
(orange) and sulfur (yellow). The red orb represents a water molecule. 
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this tyrosine (Υ358) is conserved in the alignment with 
NeHAO (Figure 5.2) it is moved away from the active 
site by an insertion that contains M341. Other residues 
surrounding the active site are aromatic residues, such 
as F483 and F502 (part of a conserved WFW-motif). and 
W522' from the adjacent subunit. 
The kustco457 monomer contains two heme groups 
that are his-met-ligated, as is the case in mammalian 
cytochrome c. The N- and C-terminal parts each contain 
one heme and are linked to each other by a stretched, 
proline-rich helix (Figures 5.3, 5.11 and 5.12). Although 
the two parts share only 18% sequence identity, their 
structures are almost identical, suggesting a gene 
duplication within this open reading frame. The 
structural similarity to mammalian cytochrome c might 
explain the success of assaying kustcioói (Chapter 3) 
and kustco694 (Chapter 4) with this electron acceptor. 
Both enzymes are likely to be evolutionary related to 
kustco458. 
Conclusions and recommendations 
The purified kustco457-8 complex consisted of two 
trimers of non-covalently bound octaheme subunits, 
linked together by a ring of six diheme cytochromes. 
The complex contained 60 hemes in total, the largest 
number of heme groups found in a protein complex to 
date. The protein has sequence homology to previously 
purified enzymes from anammox bacteria and the 
crystal structure of the kustco458 monomer resembles 
that of the kustcioöi monomer. The main difference is 
the absence of a tyrosine crosslink between subunits in 
kustco458, which probably is the reason that oxidizing 
activity was observed at very limited rates only. Reducing 
activity, on the other hand, was observed at a rate of 
0.12 μιηοΐ-πηη '-mg protein ' with 5 μΜ nitrite. 
Two kustco458 trimers were bound together by 
96 
six kustco457 monomers, serving as electron donor to kustco458. The 
redox partner of kustco457 remains unknown, although inspection 
of the genomic environment of kustco457 and kustco458 yields 
kustco456 as a candidate. This ORF encodes a putative blue copper protein. The 
nitrite-nitric oxide reductase NirK is a copper-dependent enzyme, and has 
pseudoazurin, a blue copper protein, as its redox partner (Adman 1991). It could 
be that copper, coming from kustco456, also plays a role in nitrite reduction 
by kustco457-8. In this respect, it is also noteworthy that kuste2479, one of the 
paralogues used to compile the alignment in figure 2, is 43% similar to kustco458 
and has a 250 amino acid N-terminal extension with a copper-binding domain. 
Recommendations to further investigate the physiological role of kustco457-8 
include first of all a confirmation of ammonium formation when methyl 
viologen is used as electron donor. This could be done by assaying the enzyme as 
described by (Liu and Peck 1981). In order to investigate the reaction catalyzed by 
kustco457-8 inside the cell, assays that approach physiological conditions more 
closely would be advisable. Heterologous expression of kustco456 might result 
in a suitable electron donor to assay kustco457-8. Alternatively, protein film 
electrochemistry may provide kustco457-8 with the physiological redox potential. 
C-terminal 
domain 
N-terminal 
domain 
Fl6Ult£5.12 
The N- and C-terminal 
domains are shown in 
blue and red and are 
structurally identical. The 
green coil is a proline-rich 
linker (Figure 5.3). 
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SUPPLEMENTARY TABLE 5.1 
Statistics of kustco457-8 crystallographic data analysis. 
Data collection 
Space group 
Unit cell dimensions 
a, b, c (A) 
α. β, γ O 
Wavelength (A) 
Resolution range (A) • 
Reflections measured * 
Reflections unique • 
Completeness (%) * 
Redundancy' 
Val' 
* - „ < « > " ' 
R32 
140.2,140.2,262.1 
90,90,120 
1.5418 
20-2.6 (2.7-2.6) 
83.906 (4.732) « 
51,486(3,224)' 
87.0 (74.4) ' 
1.6 (1.5) ' 
8.6 (2.7) < 
7.7(21.7)' 
Refinement 
Resolution range in 
refinement (A) 
Number of reflections in 
refinement 
KJ *,„<·*)' 
Protein residues 
(no. of atoms) 
Ligands (total atoms) 
Water molecules 
Overall B-factor (A1) 
Rmsd bonds (A) 
Rmsd angles (") 
Ramachandran plotά 
Most favoured (%) 
Additionally allowed (%) 
Disallowed (%) 
109.3-2.6 
28,425 
22.7/ 27.2 
714 (5.751) 
10 hemes (430) 
17 
56.0 
0.006 
0.876 
95-5 
3-9 
0.6 
• Values of the highest resolution shell are given in brackets. 
b
 ^m«m=ÇIW"^ y ? *·Λ ι · where ƒ is the intensity of a reflection and (fjHjf ^ , ' s the mean value of that 
reflection and the summations are over all reflections h. 
c
 ^
m
,ir^i^y^« (working set, no σ cut-off applied). R, is calculated the same way as R
mrl., but for a 
reflection test set with 5% of the reflections excluded from refinement. 
d
 Ramachandran analysis was performed using COOT (Emsley and Cowtan, 2004). 
' Considering Friedel mates as individual reflections. 
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Summary 
The oxidation of ammonium has been studied since the 19th century, when it was discovered by Sergei Winogradsky (Winogradsky 1890), and 
was long thought to be exclusively possible with oxygen as terminal electron 
acceptor. In 1977, Engelbert Broda hypothesized that microbes could make a 
living of the oxidation of ammonium under anaerobic conditions, with nitrite 
as electron acceptor, since this is an energy-yielding reaction (Broda 1977). It 
was not untili the i990,s that a bacterium was discovered that indeed converted 
ammonium and nitrite to form nitrogen gas. Although anaerobic ammonium 
oxidation (anammox) has now been known for over two decades, shown to play 
a significant role in the global nitrogen cycle and implemented sucessfully in 
innovative new ways of waste water management, the biochemistry underlying 
the proces has remained enigmatic. The aim of this thesis was to experimentally 
verify the hypothetical anammox pathway, which includes the turnover of the 
toxic compounds nitric oxide (NO) and hydrazine N2H4), and to identify and 
characterize the enzymes involved in this pathway. 
In Chapter 2 it is shown that N2H4 is produced from the anammox substrates 
ammonium (NH/) and nitrite (NO2') in situ and that NO is the direct precursor 
of N2H4. Evidence for NO as an intermediate came from incubation of whole 
cells with the NO scavenger PTIO. Upon PTIO addition, ammonium and nitrite 
conversion ceased. In addition, the presence of NO within the cells was visualized 
with diaminofluorescein-2-diacetate. The involvement of N2H4 was established 
by after incubating the cells with , 5 Ν θ 2 , '"NFV and 2 H N 2 H 4 (Hj'^N-'-'Nt^). 
This was followed by derivatization of the extracellular hydrazine with para-
dimethylaminobenzaldehyde and mass spectroscopy, which confirmed the 
production of H Ï ^ N - ^ N H Z . 
In addition to the direct measurement of the intermediates, genes and proteins 
central to anammox metabolism were resolved and the key enzymes that catalyze 
N2H4 synthesis and its oxidation to N2 were purified. The N2H4 producing enzyme 
was a complex of three different subunits encoded by the consecutive open reading 
frames (ORFs) kusteiSjg, kusteiSóo and kusteiSói. Combined with the N2H4 
oxidizing enzyme kustcioói, " N ^ N was produced from '"NO and 15NH4+, at a 
rate of 20 nmolh 'mg protein '. These results present a new biochemical reaction 
forging an N-N bond and fill a lacuna in our understanding of the biochemical 
synthesis of the N2 in the atmosphere. 
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The anammox bacterium Kuenenia stuttgartiensis conserves energy from 
the combination of ammonium and nitrite, and does so by using a range 
of different heme-proteins. A genome survey revealed 61 different (multi) 
heme-protein encoding open reading frames (ORF). Bacterial multiheme 
cytochrome c complexes are ubiquitous in nature and represent a diverse and 
largely unexplored group of respiratory enzymes. Among the heme-protein 
encoding ORFs, ten were identified as putative hydroxylamine oxidoreductase-
like proteins. Of these ten, the ORF kustcioói was the most highly expressed. 
In Chapter 3, the product of ORF kustcioói was purified and characterized. 
The amino acid sequence was 25% similar to hydroxylamine oxidoreductase 
from Nitrosomonas europaea (NeHAO). It contained eight CXXCH heme-
binding motifs as well as several other features that were shared in kustcioói 
and NeHAO. Gel electrophoresis indicated that the kustcioói monomer was 
assembled as a homotrimeric complex, of which the subunits were covalently 
bound. The complex oxidized both hydroxylamine (NH2OH) (1^=1.6 ± 0.1 
μηηοΐ-ηιίη 'mgprotein \ ^ = 4 . 4 ± 0.9 μΜ) and N2H4 ( V'inax=o.4 ± 0.0 μηιο1·η!ϊη"1·π^ 
protein ', ^ = 5 4 ± 3.0 μΜ) with cytochrome c as artificial electron acceptor. Gas 
chromatography combined with mass spectrometry showed the products of 
these reactions to be NO and N2, respectively. The UV-VIS spectra of oxidized 
and reduced kustcioói confirmed the presence of c-type hemes. Moreover, a 
chromophore was observed that had an optical absorption maximum at 468 nm 
in the reduced state, therefore termed P^e. Midpoint potentials of the hemes were 
determined by protein film electrochemistry on a transparent electrode. Overall, 
the midpoint potentials were 100 mV lower than those reported for NeHAO. The 
P468-heme had a midpoint potential of Eo'=-300 mV vs. SHE. 
The crystal structure confirmed that kustcioói is a covalently bound trimer. Its 
overall shape resembled a tulip bulb with a threefold rotational symmetry. A 
conserved C-terminal tyrosine residue was covalently bound by two bonds (a 
C-O and a C-C bond) to the highly ruffled Riee-heme. The heme arrangement 
within the complex was almost identical to that of NeHAO. The site of catalysis is 
formed by the tyrosine-bound P468-heme, D262, H263 and M323. A noteworthy 
difference with the NeHAO active site is that NeHAO has a tyrosine instead of 
methionine, implying a role for methionine in releasing nitric oxide from the 
kustcioói P468-heme. Hints on the catalytic mechanism were obtained from UV-
VIS spectroscopy and the structures of substrate-soaked crystals. These might 
implicate hydroxylamine and hydrazine oxidation to proceed via the Fe-bound 
intermediates nitroxyl (HNO) and diazene (N2H2), respectively. The physiological 
role of kustcioói, as deduced from enzyme kinetics, was proposed to be the 
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oxidation of hydroxylamine to nitric oxide. Becauce this dehydrogenation 
is distinct from the reaction catalyzed by NeHAO, we propose the name 
hydroxylamine dehydrogenase (HXD) for the product of gene kustcioói. As the 
presumed physiological hydrazine dehydrogenase (kustco694, see Chapter 4) is 
severely inhibited by hydroxylamine, it is conceivable that kustcioói is needed 
to remove inhibitory hydroxylamine. The product, nitric oxide, is an anammox 
intermediate and is harmless to anammox biomass. 
A second hypothetical octaheme protein which resembled NeHAO is encoded 
by ORF kustco694. Since NeHAO has been reported to convert N2H4 to N2, 
and kustcioói was established to be a hydroxylamine dehydrogenase in vivo, 
kustco694 was investigated for its hydrazine-oxidizing properties in Chapter 
4. Kustco694 was purified from K. stuttgartiensis to homogeneity and shown 
to stoichiometrically oxidize N2H4 to N2 with oxidized cytochrome c at a V 
of 10.8 ± 1.2 μπιοΐ-ιτπη 'mg protein ' and a K
u
 of 10.2 ± 2.2 μΜ. Both NO and 
NH2OH were potent inhibitors (iCiN0 = 2.5 ± 0.9 μΜ, K™n*on = 7.9 ± 1.8 μΜ). 
The protein was a trimer of octaheme subunits and was found to harbor a 
chromophore with an optical maximum at 470 nm in the reduced state, hence 
called P470. Using europium(II)chloride the P47o-heme was found to have a redox 
potential between £o'=-355 mV vs. SHE and .E0--300 mV vs. SHE. Based on the 
similarities kustco694 has with kustcioöi and NeHAO, it can be assumed that 
this chromophore is the site of substrate binding and conversion. Since the UV-
VIS spectrum was partly reduced upon hydrazine addition, comparable to a 
2-heme reduction in kustcioói, it was postulated that the catalytic mechanism 
proceeds by two consecutive abstractions of two protons and two electrons, via 
the intermediate N2H2, resulting in the production of N2. Besides nitrous oxide 
reductase, kustco694 is the only enzyme known to produce dinitrogen gas in a 
physiologically relevant process. Since 50% of the nitrogen gas on Earth has been 
estimated to be produced by anammox bacteria, kustco694 is an enzyme that 
truly shapes out atmosphere. 
In Chapter 5, a third octaheme protein, encoded by ORE kustco458, was found 
to be expressed in complex with the product of ORE kustco457, which is adjacent 
to kustco458 in the genome. Gel electrophoresis indicated the complex to consist 
of non-covalently bound subunits, in contrast to the so far described octaheme 
proteins from anammox bacteria. In the amino acid sequence of kustco458, the 
tyrosine residue responsible for covalent crosslinks in NeHAO, kustcioói and 
kustco694 appeared to be absent and was replaced by a triple tryptophan (WWW-) 
motif. UV-VIS spectroscopy confirmed both the presence of c-type hemes and 
the absence of a P460 chromophore. Activity assays yielded little to no oxidizing 
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activity, but with methyl viologen as artificial electron donor, reduction of 5 μΜ 
NO2 was observed at a specific activity of 0.12 μιηοΙ-ιτιίη 'mg protein '. 
Elucidation of the crystal structure at 2.6 Angstrom revealed the complex to be 
a cußft heterododecamer, completely formed by non-covalent interactions. The 
complex contained 60 heme-groups in total, which is the highest number of 
hemes found within one protein complex to date. The overall structure of the 
kustco458 monomer was similar to that of kustcioói, with a 5-coordinated heme 
located at the catalytic site. Furthermore, the active site was composed of two 
tryptophans of the adjacent subunit, replacing the tyrosine that covalently binds 
to the catalytic heme in kustcioói. Other residues in the active site are similar 
to those found in kustcioói, including a methionine residue (M341) which 
was proposed to be involved in the release of nitric oxide as end-product. The 
experimental evidence supports the theory that an amino acid covalently bound 
to the catalytic heme porphyrine-ring is critical to oxidizing activity. Since 
reductive assays with artificial electron donors only yielded marginal activity 
with nitrite, additional experiments with the physiological redox partner or 
protein film electrochemistry should be performed. 
Taken together, the results of this thesis show that anammox metabolism 
proceeds via the subsequent action of several multiheme proteins: nitrite 
reductase, hydrazine synthase, and hydrazine dehydrogenase. Furthermore a 
NH2OH detoxification mechanism was shown (Table 6.1). 
Table 6 l 
Overview of reactions and enzymes discussed in this thesis 
Reaction 
NO + NHi' + 2H' + 3e -> NjhU + H20 
NH20H-»N2 + 4H* + 4e 
N2H4->N2 + 4H'+4e 
NO, + 2H* + e -> NO + H20 
NO, t a N ' + Se ^ N H 4 I + 2H20 
Proposed ORF 
kustc2859-6o-6l 
kustcio6l 
kustco694 
kustc0457-8 (7) 
kustc0457-8 (') 
proposed enzyme name 
(abbreviation) 
hydrazine synthase (HZS) 
hydroxylamme dehydrogenase (HXD) 
hydrazine dehydrogenase (HOH) 
nitrite reductase 
nitrite reductase 
Chapter 
2 
3 
4 
5 
5 
Multiheme prolein complexes of anaewhic ammonium-oxidizing bacteria 
Outlook 
Further characterization of the proteins described in this thesis 
In hindsight, the presence of kustco694 and kustcioói may explain the sequence of 
eventsfollowingthe administration ofmillimolaramountsofNH20Htoanammox 
cells, a procedure that was often used as a diagnostic tool to detect intermediate 
hydrazine production by anammox bacteria (Figure 6.1). Upon NH2OH addition, 
hydrazine dehydrogenase (HDH) is inhibited and hydroxylamine is likely 
removed by hydroxylamine dehydrogenase (HXD), producing NO for hydrazine 
synthesis. After concentrations of NH2OH and NO are lowered by HXD and 
hydrazine synthase (HZS) respectively, HDH can recommence hydrazine 
oxidation. In this artificial case, HXD acts as a hydroxylamine detoxifying 
enzyme. However, hydroxylamine does not accumulate in natural environments, 
so the question is: Why do anammox bacteria need a hydroxylamine detoxification 
mechanism? A possible source of hydroxylamine could be hydrazine synthase, 
of which hydroxylamine is a supposed reaction intermediate. To verify this, 
more research on HZS is needed, most notably on the mode of action of HZS. 
Elucidation of the crystal structure, as well as electron paramagnetic resonance 
(EPR), protein film voltammetry and more detailed activity assays could shed 
more light on this enigmatic complex. Moreover, genes preceding kuste2859-6i 
were found to be highly expressed in the proteome (most notably kuste2854, 45% 
predicted peptides detected (p.p.d.), which encodes a predicted triheme protein; 
kusteiSss, 33% p.p.d., which encodes a predicted heptaheme protein; kusteaSsS, 
FIGUHC 6.i 
Hydroxylamine consumption (black 
dots) and hydrazine production 
and consumption (open circles) by 
aggregated anammox biomass, in the 
absence of nitrite. The NO produced 
by HXD is converted by HZS, which 
leads to WjH« accumulaton due to HDH 
inhibition by NH2OH. Only after NH2OH 
is completely removed, N2H4 oxidation 
can resume. Figure was taken from Kartal et al. 2008. 
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31% p.p.d., which encodes a predicted lysine-ligated monoheme protein; and 
kusteiSsó, 28% p.p.d., of which the gene-product resembles the membrane-bound 
cytochrome b subunit of formate dehydrogenase), and these proteins might 
well be involved in the physiological HZS complex. Purification of this larger 
complex might result in a higher and more stable hydrazine synthesizing activity. 
In addition, the HZS of other anammox bacteria than Kuenenia stuttgartiensis 
should be tested for higher and more stable activity. 
Concerning the hydroxylamine dehydrogenating enzyme HXD, the two main 
issues to be explored are (i) the molecular mechanism of nitric oxide release and 
(ii) its physiological role. In chapter 3, two possible reasons for NO release are 
suggested: The P468 structure and the arrangement of specific amino acids near 
the active site, most notably the presence of a methionine residue. The effect 
of the latter could be investigated by heterologous expression and mutation of 
this residue. Replacing it with tyrosine would be especially interesting, since 
this residue is present in NeHAO but absent in HXD. The influence of a second 
covalent bond between the catalytic heme and the crosslinking tyrosine on the 
bond strength between the iron atom of the catalytic heme and the NO ligand 
can be assessed by quantum-mechanical computer simulation of the cofactor-
ligand complex. To establish the physiological role as hydroxylamine detoxifying 
enzyme, a source of hydroxylamine has to be identified. As stated before, HZS 
could be this source, which needs experimental confimation. 
HDH is the only octaheme protein discussed in this thesis of which the crystal 
structure is yet to be elucidated. In order to understand how this enzyme is fine-
tuned towards hydrazine oxidation and (as a possible consequence) inhibited by 
hydroxylamine and nitric oxide, a 3-dimensional model would be invaluable. In 
addition protein film electrochemistry and EPR studies should be undertaken to 
investigate the redox properties of this enzyme. 
The activity of kustco457-8 was not unambiguously demonstrated in this thesis 
and should be assessed using protein film electrochemistry or the proposed 
physiological electron donor kustco456 (either native or heterologously expressed). 
This should clarify whether or not it indeed is a nitrite reductase and whether the 
product is ammonium or another nitrogenous compound. 
The electron transport chains that supply the anammoxosome membrane (the 
membrane presumed to sustain the proton gradient needed for ATP generation) 
with reducing equivalents for the bei-complex and for reversed electron transport, 
still remain unknown. A first step towards understanding electron transport in 
K. stuttgartiensis would be identifying the physiological electron carriers that 
mediate the various reactions catalyzed in the central metabolism. For some 
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enzymes (i.e. HXD and HDH) assays with bovine cytochrome c were successful, 
suggesting the physiological electron acceptors to be of a similar nature. Indeed 
small cytochromes have been purified from anaerobic ammonium oxidizing 
biomass before (Cirpus el al. 2005, Ukita et al. 2010). One of them, kustco563, 
was successfully expressed in Escherichia coli (Huston et al. 2006). These would 
be the first candidates to be replace bovine cyochrome c in activity assays as 
described in this thesis, either purified from native biomass or heterologously 
expressed. In particular, an abundant cytochrome with very low reduction 
potential (£0' between -800 mV and -400 mV) was reported, isolated from the 
anammox strain KSU-i (Ukita et al. 2010), which could be an electron acceptor 
for HDH. Close homologues of this protein in K. stuttgartiensis are encoded by 
the genes kustaooS/ and kustaoo88, which are highly expressed at transcriptional 
and protein levels. In fact, kustaooS/ is the fifth most abundant protein in the K. 
stuttgartiensis proteome (Kartal et al. 2011b). 
The other octaheme protein-encoding ORFs 
The presence of ten different copies of octaheme protein-encoding open 
reading frames in the K. stuttgartiensis genome represents a challenging case 
of understanding genetic redundancy in terms of function. Although three 
representatives of this group have been assigned putative functions in this 
thesis, the function of the seven other gene-products remains elusive. Except for 
kuste4574, which is highly related to kustco458 and may be part of a novel bei 
complex, the others are not significantly expressed under our standard growth 
conditions (35 °C, pH 7.4, bicarbonate buffered, anaerobic, nitrite limited). 
Current models on gene duplication offer an explanation for this situation from 
an evolutionary perspective [see for reviews on this matter (Conant and Wolfe 
2008, Innan and Kondrashov 2010, Soskine and Tawfik 2010)]. The result of gene 
duplication may be the development of novel functionality, an increase in protein 
dose or a genetic back-up system. The first scenario, called neofunctionalization, 
may apply to two of the three different types of octaheme enzymes discussed in 
this thesis. After duplication mutations presumably accumulated under selection, 
eventually leading to three distinct enzymes that each adopted a crucial role in 
the anammox metabolism. A theory on octaheme enzyme evolution (Klotz et 
al. 2008), states that covalently bound, oxidizing complexes evolved from non-
covalently bound, reducing complexes. According to this theory, kustco457-8 
would represent the most ancient protein of the three purified complexes in 
this thesis from a structural point of view, although this is not supported by 
the presented phylogenetic tree (Klotz et al. 2008). Since its presumed catalytic 
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heme is histidine ligated, contrary to the lysine ligated catalytic hemes in other 
octaheme reductases, this protein could be the last octaheme complex before 
evolution of the tyrosine crosslink. Alternatively, the tyrosine could have 
been replaced with tryptophan after evolution of the crosslink, which would 
be in more agreement with the phylogenetic tree. In the case of the hydrazine 
oxidizing enzyme HDH, duplication and selection on the hydrazine oxidizing 
function of HXD led to a dedicated hydrazine dehydrogenase, with the trade-off 
that the original function (hydroxylamine oxidation) got lost. Before HDH was 
evolved as a separate enzyme, HXD might have fulfilled this role.The other, less 
expressed octaheme protein-encoding genes may be the results of mutations that 
led to functions not needed under the current standard growth conditions. As 
random mutations often lead to reduced activity, duplication may compensate 
for this by providing a higher enzyme dose, or by even completely replacing a 
non-functioning enzyme. Thus, the other octaheme proteins do not necessarily 
need to have an additional function to nitrite reduction or hydroxylamine/ 
hydrazine oxidation. This should however be tested by heterologous expression of 
these genes in a suitable host, capable of synthesizing multi heme complexes and 
genetically accesible, such as Geobacter sulfurreducens, Shewanella oneidensis or 
Wolinella succinogenes (Coppi et al. 2001, Ozawa et al. 2001, Kern and Simon 
2011), followed by biochemical characterisation. 
To broaden our general knowledge on the biochemical processes occurring within 
anammox cells, other enzymes that would need to be purified and characterized 
would be (i) the physiological nitrate-producing nitrite reductase, which enables 
anammox bacteria to produce ammonium from its own end-product nitrate 
via nitrite, (ii) the enzymes involved in other metabolic strategies, as anammox 
bacteria can use a variety of metals and organic acids as electron donor or acceptor, 
(iii) the nitrite oxidizing complex (kustd 1699-13), which presumably replenishes 
the electrons needed for carbon fixation, (iv) ammonium and nitrite transporters, 
(v) membrane-bound complexes involved in building up and utilizing the proton 
motive force, (vi) the enzymes involved in ladderane lipid synthesis and (vii) the 
iron uptake system. 
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Samenvatting 
Anaërobe ammonium oxidatie 
De microbiële oxidatie van ammonium (NH/) wordt bestudeerd sinds de 19e 
eeuw, toen dit proces ontdekt werd door de Russische microbioloog Sergei 
Winogradsky. Hij beschreef bacteriën die ammonium oxideren met behulp van 
zuurstof: Aërobe ammonium oxidatie (Winogradsky 1890). Lang werd gedacht 
dat dit de enige manier was waarop bacteriën energie uit NH/ konden halen. 
In 1977 echter, rekende de Oostenrijkse scheikundige Engelbert Broda uit dat 
bacteriën in theorie ook energie zouden kunnen halen uit de oxidatie van NH4+ 
met nitriet (NO2 ) in plaats van zuurstof: Anaërobe ammonium oxidatie (Broda 
1977). Het eindproduct van deze anaërobe vorm van ademhaling moest dan 
stikstofgas zijn. 
In de jaren negentig zagen medewerkers van het Delftse bedrijf Gist-Brocades 
dat NH4+ verdween uit hun anaërobe afvalwaterzuiveringsinstallatie. Nader 
onderzoek wees uit dat dit een door bacteriën uitgevoerde reactie was en dat deze 
bacteriën leefden volgens het door Broda bedachte principe: Ze consumeerden 
N H / anaëroob en produceerden stikstofgas (Mulder et al. 1995). Na deze eerste 
ontdekking raakte het onderzoek naar anaërobe ammonium oxidatie in een 
stroomversnelling (Kuenen 2008). Inmiddels noemen we het proces anammox, 
een afkorting voor anaërobe ammonium oxidatie. We weten ook dat deze 
bacterie op grote schaal voorkomt in de natuur, zoals zuurstofloze lagen van de 
oceanen, in rivieren en sloten en ook in de bodem. Op al deze plaatsen levert de 
anammox-bacterie een significante bijdrage aan de wereldwijde productie van 
stikstofgas. Er is geschat dat 50% van het stikstofgas aanwezig in de atmosfeer 
door deze bacterie is gevormd (Arrigo 2005). Aangezien lucht voor 78% bestaat uit 
stikstofgas, is dus bijna 40% van uw ademteug afkomstig van dit microorganisme! 
Daarnaast wordt de anammox-bacterie ook succesvol toegepast in nieuwe 
afvalwaterzuiveringsinstallaties om N H / en NO2' te verwijderen (Kartal 2010a). 
Achterafweten we nu ook waarom het tot de jaren negentig duurde voordat deze 
bijzondere bacteriën ons opvielen: Een anammox bacterie verdubbelt zich maar 
eens per twee weken, wat voor het kweken ervan in een laboratorium speciale 
kweekapparatuur en erg veel tijd en geduld vergt. 
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Anammox biochemie 
Anammox-bacteriën combineren N H / en NO2 tot stikstofgas en halen hier 
energie uit. Een deel van deze energie gebruiken ze om vanuit kooldioxide meer 
anammox-cellen te maken. Wat we nog niet goed wisten voor dit onderzoek 
begon, is hoe de anammoxbacterie energie uit ammonium kan halen. In dit 
proefschrift werd achterhaald wat er binnenin de anammoxbacterie gebeurt; 
welke biochemische reacties er plaatsvinden om NH4+ en NO2 met elkaar te 
combineren en welke enzymen deze reacties katalyseren. 
In 2006 werd het genetisch materiaal van de anammox bacterie Kuenenia 
stuttgartiensis in kaart gebracht. Het genoom bevatte een aantal genen waarvan we 
het vermoeden hadden dat die codeerden voor eiwitten die samen de combinatie 
van NH/ en NO2 tot stikstofgas in drie biochemische stappen zouden kunnen 
bewerkstelligen (Strous 2006). Ten eerste was er een gen dat codeert voor een 
enzym (nitriet reductase) dat NO2 omzet in stikstofmonoxide (NO). Ten tweede 
werd er een eiwit gecodeerd dat hydrazine (N2H4) omzet in stikstofgas (N2). 
De betrokkenheid van N2H4 werd al eerder vermoed (van de Graaf et al. 1997), 
en de aanwezigheid van niet minder dan tien kopieën van dit gen versterkte 
dit vermoeden. N2H4 is een reactieve stof die voornamelijk gebruikt word als 
raketbrandstof. Het is bovendien buitengewoon giftig (Underbill en Kleiner 
1908) en werd tot nu toe nooit in de natuur gevonden. Dat K. stuttgartiensis deze 
stof gebruikt als intermediair, betekent dat er ook een nieuw eiwit moet zijn dat 
N2H4 synthetiseert. Dit eiwit zou dan NO en NH4+ moeten combineren. 
Zie figuur 2.1 op bladzijde 23 voor een schematische weergave van de reacties die 
leiden tot de combinatie van NH4+ en NO2 tot stikstofgas. 
In dit proefschrift wordt aangetoond dat anaërobe ammonium oxidatie inderdaad 
verloopt via de intermediairen NO en N2H4. Ook worden er vier belangrijke 
eiwitten beschreven die bij het centrale metabolisme betrokken zijn. 
Hydrazine synthase 
In hoofdstuk 2 worden de drie hypothetische biochemische stappen van NO2 
en tot stikstofgas onder de loep genomen. Hier wordt experimenteel bewezen 
dat NO en N2H4 intermediairen zijn, en dat N2H4 vorming het gevolg is van de 
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combinatie van NO en NH/. Het eiwit dat N H / en NO combineert is hydrazine 
synthase (HZS). Om de activiteit van HZS aan te tonen is het gezuiverde eiwit 
geïncubeerd met NH41 en met NO. Het stikstof-atoom van de toegevoegde N ^ 1 
was gelabeled. Uiteindelijk vonden we stikstofgas terug waarvan één van de twee 
stikstof-atomen dit label had, dit moest dus oorspronkelijk van het toegevoegde 
NH41 komen. Aangezien er buiten het gelabelde NH4+ en het ongelabelde NO 
geen andere bron van stikstof in de incubatie aanwezig is, moet het ongelabelde 
atoom van het NO afkomstig zijn. 
Hydroxylamine dehydrogenase 
Hydroxylamine dehydrogenase (HXD) is een complex dat bestaat uit drie 
dezelfde eiwitten en erg lijkt op een eiwitcomplex uit aërobe ammonium-
oxiderende bacteriën. Het product van aërobe ammonium oxidatie is NO2. 
Deze aërobe bacteriën oxideren NH4+ net als anammox-bacteriën via een 
tussenstap, namelijke het intermediaire hydroxylamine (NH2OH). Het eiwit dat 
NH2OH in deze bacteriën omzet in NO2 heet hydroxylamine oxidoreductase 
(NeHAO). Van NeHAO is al sinds de jaren '60 bekend dat het ook N2H4 kan 
omzetten in stikstofgas (Anderson 1964). Voor deze bacteriën is dit echter niet 
van belang, aangezien ze (als het goed is) nooit met N2H4 in aanraking komen. 
Het genoom van K. sluttgartiensis bevat zoals gezegd tien genen die allen coderen 
voor eiwitten die erg lijken op NeHAO. Eén van die tien eiwitten, HXD, is is 
gezuiverd, gekarakteriseerd en beschreven in hoofdstuk 3. Inderdaad bezit HXD 
N2H4 oxiderende activiteit. Echter, dit eiwit heeft een nog veel hogere NH2OH 
oxiderende activiteit. Het product van deze oxidatie is niet NO2, zoals bij aërobe 
ammonium oxiderende bacteriën, maar NO. Omdat dit eiwit 34X efficiënter is 
in de omzetting van NH2OH dan de omzetting van N2H4, is NH2OH oxidatie 
naar NO waarschijnlijk de fysiologische rol. Omdat het eindproduct van NH2OH 
oxidatie NO is, is dit eiwit een hydroxylamine dehydrogenase. De reden dat deze 
reactie wordt gekatalyseerd in K. stuttgartiensis zou kunnen zijn dat NH2OH 
giftig is voor anammox bacteriën (zie hoofdstuk 4). HXD zorgt er dus voor dat 
NH2OH wordt opgeruimd. 
1 1 2 
Hydrazine dehydrogenase 
Een tweede vertegenwoordiger van de tien eiwitten die op NeHAO lijken, 
hydrazine dehydrogenase (HDH), is onderzocht in hoofdstuk 4. Net als HXD 
is het een complex van drie dezelfde eiwitten. HDH is 35X efficiënter in het 
omzetten van N2H4 naar stikstof gas dan HXD en wordt compleet geremd door 
kleine hoeveelheden NH2OH. Als HDH het eiwit is dat de cruciale omzetting 
van N2H4 naar stikstofgas katalyseert, dan is het van het grootste belang dat 
er geen molecuul NH2OH bij in de buurt komt. Dit zou de aanwezigheid van 
het HXD kunnen verklaren (hoofdstuk 3). Een saillant detail is echter dat naast 
NH2OH, NO ook een remmende werking heeft op hydrazine dehydrogenase. Als 
NH2OH wordt omgezet in NO, komt de anammox-bacterie dan niet van de regen 
in de drup terecht? Het antwoord hierop is wellicht dat NO een substraat is voor 
hydrazine synthase (hoofdstuk 2) en zo weggenomen wordt. 
Nitriet reductase (?) 
Hoofdstuk 5 gaat over een derde eiwit, kustco457-8, dat op NeHAO lijkt. In de cel 
komt kustco457-8 niet voor als complex van drie gelijke eiwitten, zoals de vorige 
twee enzymen, maar het vormt een groot complex van zes gelijke eiwitten en zes 
gelijke andere, kleinere eiwitten. Kustco457-8 is nauwelijks actief met N2H4 of 
met NH2OH. We vonden echter wel een lage NO2 reducerende activiteit naar 
N ^ 1 ; kustco457-8 zou dus een nitriet reductase kunnen zijn. Een groot verschil 
met NeHAO, HXD en HDH is het ontbreken bij kustco457-8 van een zogenaamde 
'tyrosine-crosslink'. NeHAO, HXD en HDH oxideren hun substraat, en het zou 
kunnen dat dit te maken heeft met de tyrosine-crosslink. Het feit dat er geen 
substraat-oxiderende activiteit gemeten is bij kustco457-8, en daarintegen wel 
een reducerende activiteit, ondersteunt deze hypothese. Wat de precieze functie 
van de tyrosine-crosslink is bij oxidatie, is nog onduidelijk. Ook of NO2 reductie 
naar NH4* de daadwerkelijke functie van kustco457-8 is in de cel, en of het nog 
andere reacties kan katalyseren, zal uit verder onderzoek moeten blijken. 
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Tot slot 
In dit proefschrift is aangetoond dat NO en N2H4 intermediairen zijn in de 
anaërobe oxidatie van ammonium, welke in drie opeenvolgende biochemische 
reacties tot stand komt (Figuur 2.1). Ook zijn er eiwitten gezuiverd en voorgesteld 
als fysiologische katalysatoren van deze reacties. HZS katalyseert N2H4 synthase 
(hoofdstuk 2), HDH katalyseert N2H4 oxidatie (hoofdstuk 4) en kustco457-8 
katalyseert NO2 reductie (hoofdstuk 5). Hiernaast zijn er sterke aanwijzingen 
gevonden voor een NH2OH detoxificatie mechanisme, waarbij HXD NH2OH 
omzet in NO. 
FIGUUR 6 2 
Anammox mindmap ©Th E M Maalcke-de Bwijn 
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